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DEPARTMENT OF THE ARMY 
HEADQUARTERS US ARMY AVIATiON MATERIEL LABORATORIES 

FORT EUSTIS. VIRGINIA 2 3604 

This contract was  Initiated  to investigate  the  feasibility of helicopter 
rotor isolation using active elements.    Feasibility of rotor  isolation 
was investigated  for "statistical" single-rotor helicopters ranging in 
gross weight from 2,000 pounds  to 80,000 pounds.    An electrohydraulic 
isolator exhibiting narrow bandwidths of  isolation at frequencies corre- 
sponding to the blade passage  frequency and  its second and  third harmonics 
is proposed. 

A conceptual design of the isolator installed  in the 0H-6A Light Observa- 
tion Helicopter  is presented.     The proposed system Incorporates a hydraulic 
cylinder interposed between  the rotor and  the  transmission.     The rotor 
shaft  is splined and  is assumed  to have sufficient end play  to permit 
relative vertical displacement between the rotor and fuselage and yet 
still have the capability of  transmitting torque from the  fuselage-mounted 
transmission to the rotor.     It should be noted  that the rotor shaft and 
mast are installed  in the production 0H-6A in such a manner   that the mast 
carries all  loads  (lifting and bending moments) while the rotor shaft 
transmits  torque  to the rotor.     The rotor  isolator  install. '  in the 0H-6A, 
as conceived by Barry Controls,  must assume  these mast  loads.     For this 
study,  however,  such loads as mast moments and  transverse shear  loads are 
not considered.     The  isolators were assumed  to be  loaded  in  the vertical 
direction only. 

On the basis of  these simplifying assumptions,   impressive vibration attenua- 
tion and displacement control are predicted for a range of helicopters with 
an associated weight penalty of approximately 4  to 6 percent of helicopter 
gross weight. 
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ABSTRACT 

Results of an analytical investigation are presented which verify the 
feasibility of isolating nelicopter fuselages from rotor-induced vertical 
vibratory forces while limiting the relative displacements during transient 
maneuvers and landing.   Electrohydraulic elements are combined to provide 
better than 93 percent isolation at the critical rotor frequencies.   System 
parameters are selected for single-rotor helicopters ranging In weight from 
2,000 to 80,000 pounds.    Results of the parametric study show the response 
of the electrohydraulic notch Isolation systems to the various types of 
dynamic excitations in terms of rotor and fuselage transmitted accelerations, 
relative displacement between the rotor and fuselage, stability margin, 
power requirements, and estimated Isolation system weight.   System 
performance and requirements are evaluated as a function of helicopter 
weight, blade passage frequency, number of notches of isolation, stability, 
changes In fuselage weight and rotor speed, and maximum allowable relative 
displacement during landing.   Recommendations are made regarding experi- 
mental verification of system performance, incorporation of approach Into 
practical hardware, and Isolation of combined vertical and in-plane rotor- 
Induced vibrations. 
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FOREWORD 

The Investigation was conducted by the Barry Controls Division of Barry 
Wright Corporation of Watertown, Massachusetts, under Contract 
DA 44-177-AMC-472(T) sponsored by the U. S. Army Aviation Materiel 
Laboratories (USAAVLABS), Fort Eustis, Virginia.   The program was under 
the technical direction of Mr. Joseph McGarvey, Contracting Officer's 
Representative. 

Barry Controls' personnel were under the technical direction of Mr. Jerome 
E. Ruzlcka.   Mr. Peter C. Calcaterra was project engineer, and Mr. Dale 
W. Schubert was principal investigator.   Dr. Frederick D. Ezeklel, of 
F. D. Ezeklel Company, Lexington, Massachusetts, was consultant in the 
area of fluid power control.   Professor Norman D. Ham of the Aerospace 
and Aeronautics Department of the Massachusetts Institute of Technology, 
Cambridge, Massachusetts, was consultant in the area of helicopter 
dynamics.   The task was begun in June 1966 and completed in February 
1968. 

Acknowledgement is hereby made of the helicopter excitation criterion used 
in this study and a statistical analysis of existing operational helicopters 
provided by Kaman Aircraft Division, Kaman Corporation, Bloomfleld, 
Connecticut, 
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INTRODUCTION 

The Importance of structural dynamics, vibration of the controls, and pilot 
fatigue in the development and use of rotor-powered aircraft is well recog- 
nized.   The aerodynamic characteristics of a helicopter rotor in forward 
flight give rise to shear forces at the hub which are transmitted through the 
rotor shaft into the fuselage.   The magnitude of these forces is a function 
of the rotor blade angle of attack and the velocity of the air stream entering 
the rotor plane.   The frequency of the forces is a direct function of the rotor 
speed and number of blades, and generally coincides with frequencies 
which are particularly critical to the comfort and/or task performance 
capabilities of passengers and crew, respectively.   As a result, helicopters 
and their crews must endure high levels of rotor-induced vibrations.   Some 
helicopters are vibration limited and must operate at speeds below those 
they might otherwise achieve (Reference 1). 

Considerable strides are being made to better understand the basic 
mechanism and the nature of rotor-induced forces in an attempt to minimize 
harmonic force excitations.   Research in the area of vibration control, such 
as utilizing phase relationships between the various sources of rotor loads 
and introducing higher harmonic pitch control to reduce shaft loads 
(Reference 1), appears to hold future promise in reducing the level of force 
transmitted to the fuselage.   However, immediate requirements exist to 
improve the vibration characteristics of helicopters. 

Forces acting on the rotor due to blade dynamics are numerous and occur in 
the in-plane and vertical as well as in the torsional modes (Reference 2). 
However, the levels of vibratory excitation at the hub perpendicular to the 
plane of the rotor are generally an order of magnitude greater than those 
occurring along the plane of the rotor (References 3 and 4).   Reduction of 
the former to acceptable levels would represent a significant step forward 
in the solution of helicopter vibration problems. 

The investigation reported herein deals with the design feasibility of 
applying active or a combination of active/passive isolation techniques to 
reduce the vertical vibration transmitted from a helicopter rotor hub to the 
fuselage.   A parametric study of electrohydraulic isolation systems is 
presented for helicopter weights ranging from 2,000 to 80,000 pounds. 
Selection of systems' design and parameters is based on analysis and 
evaluation of:   (1) various shock and vibration techniques;   (2) dynamic 
environment characteristics typically encountered during helicopter flight, 
maneuvers and landing;   (3) relative deflections between rotor and fuselage; 
(4) peak rotor and fuselage transmitted accelerations;   and (5) system 
stability.   In the analyses and evaluation of the isolation systems, heli- 
copters are represented by a model consisting of lumped rigid rotor and 
fuselage masses.   The feasibility of providing better than 90 percent isola- 
tion of rotor-induced vertical forces at the blade passage frequency and 
second and third harmonics thereof is demonstrated, while limiting the rela- 
tive deflection between rotor and fuselage during severe landing and tran- 
sient maneuvers to levels compatible with helicopter control requirements. 

■ 
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Results are presented in terms of system stability, peak rotor and 
fuselage transmitted accelerations, maximum relative displacements 
between rotor and fuselage, flow and power requirements, weight 
considerations, reliability, and fail-safe criteria.   A conceptual design is 
shown for the incorporation of the isolation system in the OH-6A helicopter. 
Recommendations are made regarding experimental verification of the 
analytical results and extension of the techniques to isolate combined 
vertical and in-plane rotor-induced forces. 
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———:■•:■",'. .'.—: ~       '■ 

...^-««iM.^iSW 

SYSTEM ANALYSIS AND DEVELOPMENT 

REQUIRED ISOLATION SYSTEM CHARACTERISTICS 

Isolation of vertical rotor-Induced excitations is extremely difficult due to 
the conflicting requirements of small displacements across the Isolation 
system under Imposed thrust loads and the stiffness values required for 
effective Isolation of low frequency excitations.   The vibratory forces have 
significant magnitudes at only the rotor shaft speed (1/rev) and at the funda- 
mental and harmonics of the blade passage frequency (b/rev, 2b/rev, ) 
where   b   Is the number of blades.   Moreover, analytical studies and 
experimental results Indicate that the levels of excitation at higher harmonics 
of the blade passage frequency are small in comparison to b/rev (References 
2 and 5).   Figure 1 shows a comparison between the vibration levels at 
1/rev, b/rev, and higher harmonics normalized with respect to the level at 
b/rev.   The 1/rev vibration Is Induced by rotor Imbalance and can be 
virtually eliminated by proper tracking of the blades.   The b/rev excitation 
and its harmonics are due to the aerodynamics of existing rotary-win^j air- 
craft and cannot presently be eliminated.   Although the nominal rotor speed 
decreases with increasing helicopter gross weight as shown in Figure 2, 
larger helicopters utilize rotors having more blades than lighter helicopters. 
As a result, values of b/rev occur over a relatively narrow frequency range 
from 10 to 30 Hz regardless of helicopter weight (Reference 5). 
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Figure 1.   Relationship Between 
Levels of Rotor-Induced Forces 
at b/rev and its Harmonics, 
Normalized With Respect to the 
Level at b/rev. 

Figure 2.   Relationship Between 
Rotor Speed and Gross Weight for 
Single-Rotor Helicopters. 
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A conventional passive Isolator placed between the rotor and the fuselage 
would reduce the vertical vibratory force transmitted to the fuselage.   How- 
ever, due to the dynamics of the rotor-Isolator-fuse läge system and the low 
values of frequency associated with the excitation, effective isolation at 
b/rev would give rise to displacements between the rotor and fuselage 
which would be Incompatible with helicopter control requirements, particu- 
larly under transient loads associated with maneuvering and landing.   For 
example.  If 70 percent isolation is to be provided at a blade passage 
frequency of 13.3 Hz, the natural frequency of a conventional isolation 
system should be approximately 2 Hz.   For typical fuselage-to-rotor weight 
ratios of 8, the static deflection of such a system employing linear passive 
elements would be in excess of 20 inches.   Under transient maneuvers, 
displacements would be multiples of 20, depending on the number of g's 
experienced.   It is evident that sucn values of relative displacement are 
incompatible with helicopter control requirements. 

Nonlinearities can be Incorporated into the design of conventional passive 
isolators to limit displacements.   However, snubbing would occur during a 
large portion of the, time, particularly during transition flight and maneuvers 
when the levels of vibration excitation are most severe and sustained accel- 
erations of several g's are experienced.   The conventional passive Isolation 
system, when snubbed into its nonlinear region by sustained acceleration 
transients, would offer a greatly reduced degree of Isolation, and could 
even amplify the level of transmitted acceleration by raising the resonant 
frequency to values where significant excitation forces exist. 

Several approaches have been studied in the past which incorporate various 
types of active elements in an attempt to provide vibration isolation of low- 
frequency rotor-induced excitation while limiting the transient relative 
displacements between the rotor and fuselage.   Combinations of a passive 
stiff spring and force servo in parallel have been investigated (References), 
where the servocontrolled force would be tuned to attenuate the vibratory 
excitations at the blade passage frequency.   A system consisting of a stiff 
spring, in parallel with a negative spring rate achieved by a special linkage, 
has been analyzed to obtain a low vertical natural frequency; a servo- 
mechanism is used to position the base of the stiff spring to maintain 
a constant vertical distance between the rotor and fuselage (Reference 7). 
An electropneumatic servocontrolled system utilizing an air cylinder as both 
the isolating medium and the energy source was Investigated in conjunction 
with the Boeing Vertol 107 helicopter (Reference 8).   None of these 
approaches, however, represent suitable solutions for the Isolation of 
modern high performance helicopters, due primarily to the high levels of 
transient maneuver loads and the resulting large relative deflections 
between the fuselage and the rotor. 
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PROPOSED SOLUTION 

In recent years, techniques have been developed to incorporate electro- 
hydraulic elements in the design of active isolation systems to provide 
both low frequency vibration isolation and displacement control 
(References 9 and 10).   As shown in Figure 3, electrohydraulic isolation 
systems are servomechanisms consisting of response sensors, signal 
processors, and actuators.   The sensors provide signals proportional to 
selected system response variables, and the signal processors modify and 
combine these signals to create a command signal.   Actuators apply forces 
or induce motions in accordance with the command signals.    The selected 
system response variables and the functions performed within the signal 
processor will determine the system response. 
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Figure 3.   Block   Diagram of Generalized 
Electrohydraulic Isolation System. 

A wide variety of excitation and response seusors can be employed to 
provide feedback signals and form a closed-loop control system.   For 
example, feedback signals can be developed wnich are functions of any 
observable response sucnas jerk, acceleration, velocity, displacement, 
differential pressure, and force.    The signal processor may consist of 
electroiiic networks which perform amplification, attenuation, differenti 
ntion,  integration, addition, multiplication, division and compensation 
functions.  Because of tue wide selection of feedback signals, loop gains, 
and signal processing networks, and tue relative incompressibility of the 
hydraulic fluid, ultra-low frequency isolation can be provided by the 
electrohydraulic isolation system even during conditions of sustained 
acceleration, with zero static deflection, hlgn speed of response and 
extreme flexibility in snaping tue overall frequency response characteristics 
(Reference 11).   Selection of system design is dictated by the specific 
requirements of a given application. 
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One such electrohydraulic isolation system has been constructed to eval- 
uate the effect of vibration isolation on pilot performance during simulated 
low-level high-speed flight conditions (Reference 12).   For this application 
the system resonant frequency is 0.45 Hz, and better than 80 percent 
isolation is provided for all frequencies above 5 Hz.   The static deflection 
of a linear passive system of equivalent isolation performance would be 
over 4 feet whereas the static deflection of the electrohydraulic system is 
zero and, by use of nonlinear feedback, deflects only 2.1 inches in 
response to a 3 g acceleration step having a 0.1-second rise-time.   More- 
over, vibration isolation is provided during conditions of combined vibratory 
and 3g sustained accelerations.   The wideband vibration isolation charac- 
teristics and displacement control are attained by a combined active/passive 
isolation system, where active elements provide the desired response at 
low frequencies and during transient conditions, and the passive element 
provides isolation at high frequencies above the frequency band over which 
the active elements are operative.   However, as will be shown, even this 
type of active isolator with nonlinear feedback is not suited to attenuate 
helicopter rotor-induced vibrations and meet the displacement requirements 
of less than 0.5 inch. 

The highest levels of rotor-induced force excitations occur at the blade 
passage frequency and its harmonics, as shown in Figure 1.   Ideally then, 
for this type of excitation the desired vibration isolation characteristics 
and displacement control are obtained by a system exhibiting zero stiffness 
at the critical excitation frequencies and very high stiffness at other 
frequencies.   These performance characteristics can be approached by 
employing an electrohydraulic "notch-type" system exhibiting narrow band- 
widths of Isolation at frequencies corresponding to the blade passage fre- 
quency and its second and third harmonics.   The proposed system, shown 
schematically in Figure 4, incorporates a hydraulic cylinder interposed 
between the rotor and transmission.   The rotor shaft is splined and is 
assumed to have sufficient end play to permit relative vertical displace- 
ment between the rotor and fuselage and yet still have the capability of 
transmitting torque from the fuselage-mounted transmission to the rotor. 

Figure 4.   Conceptual Diagram of Active 
Isolator Applied to Helicopter Rotor, 



EVALUATION AT. D PERFORMANCE CRITERIA 

For the feasibility study, the engine, transmission, and fuselage are con- 
sidered as a single lumped rigid mass.   The rotor is also considered as a 
rigid mass,   A ratio of fuselage to rotor mass of eight is assumed in ail 
cases.   This report considers single-rotor helicopters only, with the rotor 
drive shaft assumed to be aligned through the fuselage and rotor centers of 
gravity.   In-plane rotor excitations and isolation from same are excluded 
for this study.   On the basis of these simplifying assumptions, the results 
of the feasibility study demonstrate whether or not an isolation system 
could be designed to provide vibration protection from the more severe 
vertical rotor-induced forces, while limiting the relative displacements 
between rotor and fuselage to acceptable levels. 

Two types of steady-state vibratory excitations are considered: 

Cruise;      Vertical sinusoidal forces applied to the rotor at shaft 
speed; blade passage frequency; and the 2nd, 3rd, and 
4th harmonics of blade passage frequency. The relative 
magnitude of the excitations is shown in Figure 1. 

Ground;     Vertical sinusoidal forces applied to the rotor (as in the 
cruise condition) with the landing gear resting on the ground. 
Landing gears are assumed to have a stiffness to yield a 
natural frequency of 3 Hz, based on helicopter gross weight. 

Two types of transient excitations are considered: 
■ 

Maneuver; + 3.0g and -0.5g ramp accelerations with a rise-time of 
"0.6 second.   Supplemental cases are investigated for ramp 

rise-times of 0.8 and 1.0 second to illustrate the effect of 
ramp rise-time. 

■ 

Landing;    Vertical velocity shocks of 5 and 10 ft/sec are investigated, 
where the representative value of landing gear natural 
frequency based on helicopter gross weight and under- 
carriage stiffness is considered to be 3 Hz. 

The limiting design criterion for the study (established in the contract) was 
that the maximum relative displacement between rotor and fuselage under 
any excitation conditions must not exceed 0.5 inch.   Although from the con- 
trol point of view, this displacement may be considered excessive and 
impractical, the maximum values anticipated are expected to occur during 
the most severe landinq conditions.   For the steady-state flight condition 
as well as for the 3 g and - 0. 5g maneuvers, the relative displacement is to 
be kept to a minimum, well within the 0.5-inch value anticipated for 
landing.   In all cases, of course, the design goal is to provide vibration 
isolation approaching 100 percent at the critical frequencies. 
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The vibration isolation performance of the system is evaluated in terms of 
fuselage (or rotor) effectiveness, where effectiveness is defined as the 
ratio or response for the unisolated rotor system to that for the isolated 
system.   In each instance the response ratio is for the vertical acceleration 
at the same point in the aircraft.   Vibratory forces are generated at the rotor 
hub due to blade dynamics and to the overall aerodynamic forces required 
to achieve the desired lift, forward speed, and maneuverability.   If the same 
flight requirements are to be met, the level of these forces must be the 
same whether the rotor is isolated or not.    However, the accelerations 
experienced by the rotor and fuselage would be different for the isolated 
and unisolated cases.   Therefore, the evaluation of any isolation system 
applicable to helicopter fuselage protection from rotor-induced forces 
should be based on a comparison of accelerations transmitted to the fuse- 
lage (and experienced by the rotor) for the isolated and unisolated rotors. 
Effectiveness is selected since it directly compares the isolated system 
with an otherwise identical helicopter not having an isolation system. 
Effectiveness values greater than 1.0 indicate that isolation is provided, 
whereas values less than 1.0 indicate amplification. 

Six configurations of the electrohydraulic "notch-type" isolator exhibiting 
narrow bandwidths of isolation at discrete frequencies are evaluated.   These 
are two- and three-notch systems designed to the criteria shown in Table I. 

TABLE I 

ELECTROHYDRAULIC ISOLATION SYSTEM DESIGN CRITERIA 

I 

Criterion 

Maximum 
Relative 

Displacement 
(inches) 

A 

B 

C 

0.5 

0.2 

0.2 

Stability 
Gain 

Margin 
(db) 

20 

20 

>20 

Minimum 
Effectiveness 

at 1/rev 

0.7 

0.7 

0.7 

Design Criterion A is based on the required maximum displacement speci- 
fication.   Design Criteria B and C were selected in an attempt to increase 
the displacement control capabilities of the active isolator.   Systems based 
on different maximum relative displacement criteria are compared and 
evaluated based on their frequency response and stability.   Finally, 
consideration is given to changes In performance with variations in rotor 
speed and fuselage weight, and to power, weight, fail-safe, and main- 
tainability requirements. 
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DEVELOPMENT OF SYSTEM TRANSFER FUNCTIONS 

In order to present the development of the final system design, the 
following analyses show;   (1) tSe displacement control capabilities of the 
selected feedback mechanisms under sustained forces;   (2) the inability of 
wideband active systems to provide both the required transient displacement 
control and vibration isolation;   (3) the characteristics of single-notch 
systems, both ideal and realizable;    and (4) the open- and closed-loop 
transfer functions of the selected multiple-notch system. 

Equivalent Integral Displacement Control 

Consider rigid rotor and fuselage masses connected by a hydraulic actuator. 
Let the flow command signal to the servovalve be the sum of signals propor- 
tional to the acceleration of the fuselage  jf (t;      and the relative displace- 
ment between the fuselage and the rotor     « (t) ■ ^(t)-xCO     , where %(*) 
is the rotor displacement.   Neglecting for the moment the frequency response 
of the servovlave and the compressibility of the hydraulic fluid, the flow 
from the servovalve   aft)     in terms of the feedback signals and associated 
gains is given by 

^(^-[ca^UCdMt)] (1) 

where the minus sign denotes negative feedback.   Symbols are defined in 
the nomenclature. 

The actuator, in response to the flow delivered from the servovalve,. 
displaces the fuselage relative to the rotor with a relative velocity 6(t) 
which is expressed In terms of the average area    A    by 

{ 5(t) = -lÜl (2) 
A 

The rotor-induced force    f(t)    accelerates both the rotor mass MR    and 
the fuselage mass Mr    ;   therefore, 

(3) fit) ■ MR X(t) ♦ Mp H (t) 

Using Laplace operator notation, the relative displacement between rotor 
and fuselage   A?«)     due to rotor-induced force   FU)   can be obtained 
from Equations (1), (2), and (3), rearranging terms, and letting 
M « HÄ/fM^ ♦ MF) 



RW?   

Ms) = - "TT 
^a. M s* + s + -CJ. 
A A 

F(5) 

MR  tMp (4) 

The final displacement of the system   6 C*)    dlie to a constant force Fo 
applied at the rotor is obtained by applying the final vaiuo theorem to 
Equation (4)   (Reference 13, p. 91). 

S(oo) =Lim 5(t) 

= Lim 5   F (5) 
s-^o 

M 

Ca               1 

-  Lim    S A                | 
S-M3 Ca 

A 
M 52 +  5 +   C^ 

A    1 

- „c» Fo 

5    ^AR+MF 
(5) 

Cd     M.+ Mp 

Examination of Equation (5) indicates that the relative displacement due to 
a constant force at the rotor can be made to approach zero if either (a) the 
denominator goes to infinity, or (b) the numerator approaches zero as s 
approaches zero. 

(a) The denominator in Equation (5) can be made to approach 
infinity if integral relative displacement feedback is added 
to the control system by means of an active integrating net- 
work operating on the displacement signal.   Replacing Cj 6ft) 
in Equation (1) by    Cj S(t) t C^/^iDät , and solving for 
the relative displacement due to rotor force   F (O expressed 
in Laplace operator notation, results in 

ü(s) =- 

Ca 

A PCs) 

A                      A        As 
MR+MF 

(6) 
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Applying the final value theorem to Equation (6), the final 
displacement   6 C«)    due to a step in force F"©   is given by 

§(00) = Lim 5 
5-*-o 

A 

S± Ms2+s 4.^.+^i 
A A      AS 

5   Mä+M, 

(7) 

which indicates that the addition of integral displacement 
control results in a zero relative displacement for a constant 
force excitation. 

(b)    The numerator in Equation (5) can be made to go to zero at low 
frequencies Css»jw-»o)    by incorporating a lead network of time 
constant V,    in series with the acceleration feedback signal. 
A lead network of transfer function     2 s      has unity gain at 

i + ^s 

high frequencies and zero at low frequencies.   Replacing 
C*   in Equation (1) by Ca   r|S        and solving for the relative 

displacement, 

A(5) = - 

i + 'r,6 

A      vj + 'fc.s; A 

FCs) 

MR*-MF 
(8) 

Applying once again the final value theorem for a step in rotor 
force F^    , 

5 (CD) S Lim 5 

» O 

A (i + r.S j 

A \\ + %s) 

Fc 

5     MR+MF 

(9) 

Equation (9) indicates that introduction of a simple passive lead network in 
series with the acceleration feedback signal effectively results In Integral 
displacement control.   The static deflection of such a system Is the 
displacement due to a force of magnitude     F0 /MR + Mp) »   'o'    •   ^om 
Equation (9) the static deflection for this system is zero. 't 
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Wideband Active System Applied to Isolation of Rotor-Induced Forces 

Consider an electrohydraulic system similar to the one developed in 
Reference 12 for low-level high-speed aircraft, consisting of an actuator 
Interposed between the rotor and fuselage masses and servovalve, with 
relative displacement feedback, fuselage acceleration feedback modified 
by a lead network, and relative velocity feedback.   The velocity signal is 
generated within the servoamplifier by differentiating the displacement 
signal.   Therefore, the flow from the servovalve   Q (ft)    in terms of the 
servovalve transfer function   6Äv (•)     / the transfer function of the compen- 
sator required for system stability   6i.(»>,   the various feedback signals, 
and associated gains is given by 

Q(*)»-<^(5)GUW S2 C, IjC^] Y(5) + C.   5 Z\(s) + Cd A(5) (10) 

The flow delivered to the actuator must equal the flow displaced by the 
moving piston within the actuator, plus the flow used to compress the 
hydraulic fluid and the flow that leaks between the piston and the actuator 
walls. 

Q(5) = A 5 A(S) - j^ 5 Pj (5) " CL Pd (5) (11) 

The acceleration of the rotor    s* XCs) is described in terms of the actuator 
force and the excitation force by 

M«»1^) -  F(s)^ APd(») (12) 

Similarly, the fuselage acceleration   s' Y(») is related to the actuator 
force by 

M,52 y(5) *-APd(5) (13) 

The various transfer functions relating the rotor and fuselage accelerations 
and the relative displacement between rotor and fuselage to the rotor- 
induced force are obtained by combining Equations (10) through (13) and 
are given on the next page. 
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s2Y(5)- 
s*(xs+T-)G^)G3'(5) 

«T^^^^V^S.^G/s)^)^ t ^s' 
(14) 

52X(5) 
A ^    I'■'■^.51 

+ 5 + &^w^s^^ 
^^^p-^-s^^^^^ 

F(5) 

(15) 

Figure 5 shows the fuselage and rotor effectiveness for a 2,000-pound, 
4-blade helicopter.   The parameters of the isolation system were adjusted 
to obtain a 10-db gain margin and a peak relative displacement of 0.5 inch 
during 3g maneuvers.   The system provides a peak fuselage effectiveness 
of only 7.   At the blade passage frequency (26.6 Hz), the fuselage 
effectiveness is approximately 4.5. 

13 

A(5) = - 
^wfev^-ä) 

"*^^&)***&4 ^ w^^ 
F(») 

MR*Mf 
(16) 



«HRM^^W^^^^ OT 

■ 

i— — = ..__z-: 
T__ 

 1  ' '  -4 BLADES 

1  
 , ;   : — 

J  ^-i \ -7 FUSELAGE EFFECTIVENESS-H 
j s 

( 1 / Y-/ 
/ / 

— ̂  5^ 
=r^ 

.no TOR EFFECTIVENES! — 
 , 
  ^~ ---" .... 

 V  , 
 [ 

20      24     28      32      36 

FREQUENCY (Hi) 

40     44     48     92      36     60 

Figure 5. Cruise Effectiveness for Fuselage and Rotor 
for Wideband Electrohydraulic Isolation System, 

Figure 6 shows the displacements during the +3g/ 0.6 sec rise-time 
maneuver and the 10 ft/sec landing shock.   The peak relative displacement 
during the landing shock condition exceeds the required 0. 5-inch value 
by a factor of six. 
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Figure 6.   Transient Relative Displacement for 3g Maneuver and 10 ft/sec 
Landing Shock for Wideband Electrohydraulic Isolation System. 

It is possible, therefore, to utilize a broadband active isolator to provide 
isolation of the fuselage and adhere to the relative displacement criterion 
for the 3g maneuver, at least for the case where the blade passage 
frequency is very high (26.6 Hz).   However, even for this case (which of 
all those considered gives rise to the smallest displacement), the displace- 
ment during the landing velocity shock greatly exceeds the maximum 
allowable values. 
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Other wideband active systems were also considered during the feasibility 
study.   Essentially, they consisted of basic electrohydraulic isolators 
using different compensation methods in order to obtain a larger margin 
of stability and improve the high frequency isolation performance.   Systems 
using dynamic differential pressure feedback In place- of acceleration feed- 
back were evaluated In an attempt to eliminate the effect of the actuator 
resonance on the system gain margin.   An electrohydraulic isolation system 
having both acceleration and relative displacement feedback and a 
mechanical spring In series with the actuator was analyzed.   Such an 
arrangement provided both a stable closed-loop system and greatly 
Improved high frequency Isolation performance.   Combined hydraulic and 
pneumatic components were also evaluated.   For these systems the 
hydraulic fluid in the actuator was backed up by a compressed gas to give 
an effective low bulk modulus of the hydraulic fluid.    The resulting perform- 
ance is equivalent to the one discussed above using the spring In series 
with the actuator.   However, none of these wideband vibration isolation 
systems could be designed using linear gains to provide the required 
vibration Isolation and at the same time limit the peak transient relative 
displacements during maneuvers and landing shocks to less than 0.5 Inch. 

Consideration was given to the application of nonlinear feedback methods 
to result In wideband Isolation of the rotor force during vibratory conditions 
and limit the peak relative displacements during transient excitations to 
within 0.5 inch.   The system nonlinearitles would effectively limit the 
peak transient displacements.    However, vibration Isolation would be 
greatly reduced whenever the system operates In Its nonlinear region due 
to maneuver loads.   The vibratory forces acting upon the rotor would become 
more severe during the transient maneuver conditions.    Therefore, a loss of 
isolation under these conditions would be undesirable.    Results of the 
analysis indicated that the design requirements could not be met by wide- 
band linear or nonlinear active isolation systems. 

Ideal Single-Notch Isolator 

Wideband isolation systems offer vibration reduction at all frequencies 
above some minimum value.   However, the vibratory excitations from the 
rotor hub occur only at discrete frequencies (Figure 1).   Therefore, In order 
to verify the suitability of providing Isolation at these discrete frequencies, 
a simplified analysis was conducted to define the deflections resulting from 
a step displacement excitation employing a rystem which would provide 
100 percent vibration isolation at a discrete frequency only.   The relative 
displacements due to a step are greater than the displacements due to any 
other type of transient excitations.    Therefore, the simplified analysis Is 
conservative when used to evaluate the suitability of isolation systems for 
the dynamic excitation of this study. 
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Figure 7,   Absolute and Relative Transmissibility of Ideal Notch System. 

Consider an ideal notch Isolator having the postulated frequency response 
shown in Figure 7.   Complete isolation of the excitation is provided in the 
frequency range «^r    to «•>*   with no isolation at all other frequencies.   As 
indicated, relative isolator motion can occur only at frequencies between 

o>i   and   tag   .   The relative displacement response may be obtained from 
the use of the Fourier Sine Transformation (Reference 14).   In the frequency 
region between   a>i   and   oOg , the isolator has infinite compliance; thus 
the resulting relative displacement   8(0 is equal to the time and fre- 
quency summation of the input excitation over the time interval 0<t <*> 
and over the frequency bandwidth of the isolation system cd, < ed <4)t : 

s(tv — /    sin u3t /   a(r) din  a)r e/r eta) 

U), o 

(17) 

The solution of Equation (17) has the form of the difference of two 
(integral sine) functions and is given by 

m -. i St (aJzt)  -  5L(tat) (18) 

Assume that the maximum relative displacement occurs at the first peak of 
the response.   Solving for the time at which the first peak occurs. 
T.« nr 

in, * R 
imum relative displacement 
(17) at t ■ T, 

and defining the notch bandwidth ratio   ü«^ , the max- 
S(T,) can be obtained by evaluating Equation 
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Figure 8 shows the maximum relative 
displacement excitation as a function of 
notch bandwidth ratio il= «a*    .   A 
wide-band isolator subjected to the same 
transient excitation will have a maximum 
relative displacement of unity.   Recalling 
that the vibratory force excitations 
a iced by the rotor occur only at dis- 

e frequencies, the notch bandwidth 
lired to isolate any one of the rotor- 

induced forces can be very small.   Let- 
ting    A ■ 1.05      , the maximum relative 
deflection to a unit step displacement 
excitation will be only 0.03 or 97 per- 
cent less than for a wideband Isolator. 
Clearly then, it is seen that if the rel- 
ative displacement criterion is to be sat- 
isfied with a linear system, a narrow- 
band isolator must be used. 

Figure 8.   Relationship Between 
the Maximum Relative Displace- 
ment and Bandwidth Ratio for a 
Unit Step Displacement Excita- 
tion of an Ideal Notch Isolation 
System. • 

Realizable Single-Notch Isolator 

The wideband electrohydraulic vibration isolation system previously dis- 
cussed can be modified to provide a physically realizable notch isolator. 
For simplicity, the system configuration is chosen to be a rigid mass con- 
nected by an electrohydraulic isolator to a moving foundation similar to 
that shown in Figure 7.   Considering only acceleration feedback, and 
assuming the fluid to be Incompressible, expressions for servovalve flow 
in terms of the actuator motion, the feedback signal, and the notch com- 
pensator 6C(0    can be derived following the analysis shown for the 
ideal notch Isolator.   Flow equations are given by 

Q(5)- A6A(s) (20) 
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and 

Q(s)=-CaGc(6)58 Y(5) (21) 

Letting    8 «Jf -U , the transfer functions relating the absolute    Hi    and 
relative   8      motions of the isolated mass to the base excitation    u    can 
be obtained from Equations (20) and (21), and are given by 

Y(s)  _ i 
U(8)  '    CaGe(s)5 +   , 

(22) 

and 
C, 

A(5) , 
Ü(6) " 

GcCs) s 

^GcCs)s+l 
(23) 

In order to generate the ideal response shown in Figure 7, the electrohy- 
draulic isolation system requires a compensator   Gc(s>   having infinite 
gain between  cJ,   and   «*>»   and zero gain at all other frequencies.   Such 
a system is unrealistic since the construction of a filter having gain only 
between two discrete frequencies requires an infinite time delay.    However, 
the gain requirement can be approximated by a second-order undamped 
oscillator network of resonant frequency   ^>n   having large gain at    uin 
and low gain at all other frequencies.   The transfer function for such a 
compensator is given by 

Gc(5) = S2+aV 

Substituting Equation (21) in Equations (22) and (23), 

5'*^ 

and 

Ma  
UC5)     S^oJU.^ 

(24) 

(25) 

(26) 

From Equation (25), the absolute transmissibility T * ^,j ^y    is given by 
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T' 
pn'-u)') 

k-^') *fa^) 
(27) 

The bandv/ldth for the realizable notch Xlo.s    Is defined as the ratio of 
the two frequencies at which 50 percent Isolation Is attained.   One of the 
frequencies will be higher than cJf, ;   the second one will be lower.   Solv- 
ing Equation (27) for these frequencies with  T * o. 5    # and letting the flow 
gain term Q  sA-   C* a>n , 

V3      fa 

\.- 
2 + 6* - GN/4+G

2, 

(28) 

Equation (28) is plotted on Figure 9. 

0.2 04 06 08 

NOTCH CAIN FUNCTION G 

10 

Figure 9, Relationship Between Realizable 
Notch Bandwidth and Notch Gain 
Function. 
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Figure 10 shows the abso- 
lute and relative transmls- 
sibilities of the isolation 
system for sinusoidal base 
motions as a function of 
frequency for three values 
of the bandwidth ratio. 
Values were calculated 
using Equations (26), (27), 
and (28).   Figure 10 indi- 
cates that the electrohy- 
draulic system offers com- 
plete isolation of sinus- 
oidal excitations at the 
notch frequency and little 
isolation for frequencies 
outside the bandwidth. 

Figure 10.   Transmissibility of Realizable Notch. 

The relative displacement time function    tf (O   for a unit displacement 
step at the base can be obtained from Equation (26) and is given by 

iW« 
*•* 

fm 
• % ^i) 

sin fiRV (29) 

Again, assuming that the maximum relative displacement occurs at the first 
peak, solving for the time T,    at which it occurs from Equation (29), and 
evaluating    6(Oat t «Ti, gives the following expression for the max- 
imum relative displacement: 

-T^ 

S(t,)' A     • 

^♦•f 

(30) 
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where 

<f£   tan A .QS-^a)ft 

fiM 
(31) 

ItOLATON BANOWIDTM RATIO  0,, 

Figure 11.   Relationship Between 
the Maximum Relative Displacement 
and the Bandwidth Ratio for a Unit 
Step Displacement Excitation of a 
Realizable Notch Isolator. 

Figure 11 shows the maximum 
relative displacement resulting 
from a unit displacement step as 
a function of the bandwidth ratio 
fi 05 Examination of this 

figure indicates that for a small 
bandwidth, the resulting relative 
displacements are much smaller 
than would result using a linear 
wideband isolator.   However, the 
deflections for the realizable 
notch isolator are about twice as 
large as those that resulted from 
the ideal notch isolator of equiv- 
alent bandwidths, shown in 
Figure 8.   This is because the 
realizable filter has finite gain 
at all frequencies. 

The simplified analysis shown above has resulted in the design of an 
isolation system which yields very small transient relative displacements 
and at tie same time provides a form of vibration isolation suitable for the 
reduction of helicopter rotor-induced forces. 

i 
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Multiple-Notch Isolator 

Figure 12 shows a schematic representation of the helicopter rotor multiple- 
notch isolation system including landing gear characteristics.   The block 
diagram shown in Figure 13 indicates that the selected design incorporates 
notch filters in the fuselage acceleration feedback loop.   In order to calcu- 
late the response of the system to vibratory and transient excitations, and 
to define the system stability, it is necessary to derive the closed- and 
open-loop transfer functions. 

ROTOR 

F(t) 

M. 

DISPLACEMENT 
TRANSDUCER 

ACCELEROMETER     u 

:D  

FUSELAGE 

'x(t) 

J 
SERVOVALVE 

ACTUATOR 

M. 

LANDING GEAR Ks   \M 

SERVOAMPLIFIER 

t> 

fy(t) 

lu(t) 

Figure 12.   Schematic Representation of Helicopter Rotor Isolation System, 
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System Closed-Loop Transfer Function 

The governing equations of motion are derived as follows.   Using Laplace 
notation, the flow from the servovalve expressed in terms of the various 
feedback signals is given by 

^W=-G.vCs)[c,GeC5)(^)5' W *C-,5A(5) + Cd AMJ (32) 

The actuator response to the flow from the servovalve and the force sum- 
mation at the rotor are given by Equations (11) and (12), and are repeated 
here for continuity: 

Q5(s) = As4(5) -jX s %($) - C, *(•) (11) I 

and 

M^S'/W-A^S).^) (12) 

The force summation at the fuselage, Including the landing gear charac- 
teristics , Is given by 

HfS'Vb) +APd(5)+ Bs5[ib)-U(^* *^r(5)-[Ji^*0 (33) 

The relationship between feedback flow parameters and the actuator motion 
Is obtained by combining Equations (32) and (11): 

The relationship between rotor and fuselage motion is obtained by combining 
Equations (12) and (33): 

IV^ä) + M.s« Y(8)* ^f ^-Otyll- ^k5)-ü(5)l = 0 (35) 
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The transfer functions relating the rotor and fuselage accelerations and the 
relative displacement between the rotor and fuselage to the rotor-induced 
force   F(t)    for in-flight and ground vibrations and maneuver loads are 
obtained by combining Equations (34) and (35) with     U(»")«0  : 

s* m« 
5+(T> + £K'5) 

f(5) 

tA* + M, 
(36) 

s-xfr)* 
^^^C^).5^S^)^^i^] m 

MMM^ 
(37) 

A(s) = [h^^m^i^^i] M 
M»+Mp 

(38) 

where 

>. ^ws>)^^-^][-^# 

I. 

^5 

= 0# for cruise vibrations and maneuver loads 

= 0.3, for ground vibrations and landing shock with nominal gross weight 

= 0, for cruise vibrations and maneuver loads 

= 3ir rad/sec, for ground vibrations and landing 
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The transfer functions relating the rotor and fuselage accelerations and the 
relative displacement between rotor and fuselage to the simulated upward 
ground motion   u(t) during landing are obtained by combining Equations 
(34) and (35) with    F(a)-0 : 

,  ^N^^HH^^^'). 
s'Y(5) = y 0(5) (39) 

iPx(») 
^^ts,^V^^^]^a^^^H(, 

A(s)   = 

(40) 

k&'-^wH^vh^ ,m (41) 

where t8 and ct)4 have the values shown on page 25, and: 

D« M GfeJ 
A    ' \i+ty\   A     A 

For the landing condition, the fuselage can bounce off the ground due to the 
spring in the landing gear.   To simulate the condition, both the values of 

K$   and B»   are set to zero whenever the summation   s Bs + K8 becomes 
negative.   As shown in Figure 13, the summation is passed through a diode. 
A   lg bias voltage is fed to the summer to simulate the acceleration due to 
gravity. 
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System Open-Loop Transfer Function 

The design of an active system involves a definition of the system's sta- 
bility.   The approximate degree of stability can be determined from the 
magnitude and phase diagrams (Reference 13, chapter 10) based on the 
system's open-loop transfer function   H (s) .   In order to evaluate    Ht8^ , 
the servo loop shown in Figure 13 must be opened between the servoampli- 
fier and the servovalve.   A dummy flow command signal    E Cs) is applied 
to the servovalve and compared to the flow command signal from the servo- 
amplifier   Qc ('s)   . 

«(»)•- 
QcCs) 

E (5) 
(42) 

The equations of motion for the open-loop system, with   f(i)*0 , are 
given bv 

Gl(i) = Gjt) EC5) (43) 

<5Cs)« ASä(S)+-^S P<i(s)+cLPd(5) (ID 

Mps4 X(5) + MP 52Y60 4- Bs 5Y(5) t K5 Y(6) » 0 (44) 

and 

Combining Equations (11) and (42) through (45), 

(45) 

H(s) = 

^^S + o)5%l^+   %*)[*l^%^^) 

(46) 

The amplitude and phase of    H fa) as a function of frequency define the 
stability margin of the system. 

27 



ifi 

■ 

TRACKING OF ROTOR SPEED 

Figures 8 and 9 show that the bandwidth of notches -O-O.B must be narrow in 
order to provide both a high degree of vibration Isolation at the critical fre- 
quencies and the desired displacement control during transient conditions. 
The narrow notches can be effective only if the notch frequencies are equal 
to the critical excitation frequencies. 

TABLE II 
VARIATIONS IN ROTOR SPEED 

Aircraft 
Velocity 
(knots) Flight Condition 

Rotor 
Speed 
(rpm) 

Percent 
Variation 

CH-46A (1) - Normal operating range 248-270 8 

CH-34 (2) 27 Landing approach and 
flare 201 

103 Trim level flight 214 

7 Partial power descent 234 >         19 

110 Trim level flight out 
of ground effect 246 

75 Pull out starting from 
autorotation 250 

UH-1B(3) 0 Quick stop and turn 
into wind 289 

53 Pull up 310 15 

100 Brake and dive 330 
• 88 Flare and recovery 343 

(1) Referenc 
(2) Referenc 
(3) Referenc 

a 3 
e 15 
e 16 

Table II Indicates that the rotor speed in existing helicopters can vary up 
to 19 percent depending on the flight conditions.   Moreover, during transi- 
tion from helicopter flight mode to compound flight mode, the rotor speed 
is expected to be reduced by as much as 20 percent from nominal. 

In order to compensate for these expected variations in rotor speed, the 
filter elements in the notch compensator   Gc Cs)   are designed such that 
the notch frequencies will follow changes in the blade passage frequency. 
Details of the notch compensator design are shown in Appendix I. 
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NOTCH BANDWIDTH 

The bandwidth of the notch filters utilized in the multiple-notch isolator 
can be derived in a manner similar to that used in deriving Equation (28). 
Consider the notch element at the blade passage frequency.   Let 

'sv 

and 

Substituting in Equation (36), the fuselage vibration response of a basic 
rotor isolator having acceleration feedback with only one notch of isolation 
at the blade passage frequency becomes 

5JY(5) = 
» ♦ tJn 

3*+ M^.K|u)n5+   a)* 

F(5) 

M»tMf (47) 
t 

Let 
M JL K, 

The trans'missibility  T   is calculated from Equation (47): 

(48) 

(ju))8  Y(Ja)) 

'(j^/fM^ + MO ■/ 

Kyi 
(49) 

The two frequencies at which the transmissibility is equal to 0.560H 
and   «)L cap be calculated by solving Equation (49) for    TttO.S : 

and 

(50) 

(51) 
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The percent bandwidth of the notch is defined by (cdy -&)LV«Jn . 

From Equations (50) and (51), 

^LlA.    i^o)« (52) 

Substituting Equation (48) into (52), the percentage bandwidth is given 
by 

^-^---l^MK.o)« (53) 
a)n 3   A 

The notch compensator transfer function for the multiple-notch isolator is 
given by 

Z( N CJÜrO     KN 
,   /   r? .    N» 1,2,3 (54) 

Therefore, for the case of multiple notches, equal percent bandwidth notches 
will be obtained if the relationship    (KN)fNcO»4^    is held constant for each 
value of acceleration feedback gain Ca 

"AT 
VIBRATION RESPONSE AT THE NOTCH FREQUENCY 

Tracking of the rotor speed insures that the notch frequencies occur at 
the blade passage frequency and higher harmonics.   The fuselage and rotor 
response at the critical frequencies can be calculated by evaluating Equa- 
tions (36) through (38) at the critical frequencies.   The notch gain at any 
of the critical frequencies is given by 

H 2 

/ (jNu)n)+(NtJn) 

,    N*  1,2,3 

(55) 
=: OO 
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Substituting In Equations (36) through (38), the fuselage and rotor accelera- 
tions and the relative displacement between rotor and fuselage at a notch fre- 
quency   WcON  , due to rotor-Induced force   F^/CM^+Mp), are given by 

S(JNu]„) = 

MR+MF 

M(Na)n)    MR+MP 

(56) 

(57) 

(58) 

It Is shown that the acceleration transmitted to the Isolated fuselage is 
zero at all the notch frequencies.   The acceleration of the Isolated rotor 
Is   l/M times that of the unisolated rotor. 

The total relative displacement between the rotor and fuselage is due to the 
summation of displacements at each excitation frequency.   Consider the 
rotor-induced excitation to be of the form 

'   ~ Q. sin (u)bt + T,) + az sin (£a)bt t f2)t — + aN sin (Nu}bt +fH)   (59) 
MÄ+MF 

where «*)b is the blade passage frequency.   The maximum possible rela- 
tive displacement between rotor ana fuselage would occur for the case 
where all forces are in phase.   Therefore, if the first notch frequency 
occurs at  c^n —c^t , the total relative deflection is calculated from Equa- 
tion (58) to be 

1 i(j Nu),) = 
M "V  (M«I+MF)   y     N I (60) 

Figure 1 shows the rotor-induced forces at each critical frequency norma- 
lized with respect to the force at  b/rev.   Substituting values into Equa- 
tion (60), for a three-notch system. 

H*3 

"MI 
1      OA     o.) 
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5 S(jNa)h)=   386 (l+O.I+0.0l) 
F, 

MCMR+M^U),; 

= 430 R 
M^MR+MF)^8 

(61) 

where   PI^TTSf^     is t^6 unisolated rotor-induced force at the blade passage 
frequency expressed In g's.   For the two-notch system. 

N»2 
(      0.4 + or   ^)2 

z 425 
MCMR+MP)^2 

(62) 

Equations (61) and (62) were used to calculate the relative displacement 
between rotor and fuselage during cruise and ground vibrations for the two- 
and three-notch systems, respectively.   It is interesting to note that, at the 
notch frequencies, the system response to vibratory excitations is independent 
of the feedback gain parameters [Equations (56), (57), (58), (61) and (62)]. 

The greater portion of the total relative displacement is caused by the notch at 
the blade passage frequency, since this is the lowest frequency and the level 
of excitation is the highest at the blade passage frequency.   Equations (61) 
and (62) do not consider a notch of isolation at the third harmonic of the blade 
passage frequency (4b/rev).   Since, as shown in Figure 1, there is a vibratory 
excitation at 4 b/rev, it is necessary to consider the relative displacement at 
that frequency. 

At frequencies higher than the last notch frequency, no isolation is provided 
by the active elements, and the actuator acts as a passive isolator between 
the rotor and fuselage.   The relative displacement at any frequency above 
the highest notch frequency can be calculated from Equation (38) by letting 
^Js ■ ^s = 0    and setting all the active element gains equal to zero.   Sub- 

stituting values into Equation (38) 

^a)> Sb/rev      Ms2      MR+MF 

/ s2     .     g^e \ 

m + 4-^' o^z      cue 

(63) 
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From Figure 1 

Ffs) 
0.1 r> 

S=4ja)b 
MÄtMf 

(64) 

where again   Fi/fMn +-MF)is the unisolated rotor-induced force at the blade 
passage frequency expressed in g's. 

The relative deflection at the third harmonic of the blade passage frequency 
is obtained by substituting Equation (64) in Equation (63) and letting s«4j«\ 

^M 

fPi 
b/rev MR-»-Mr      McObe 

0.00625 
-'6'@)2+6^CJ 

-*(£) ♦•*>'> 
(65) 

The worst relative displacement condition occurs for the case where the 
4 b/rev frequency is near the actuator resonant frequency.   Based on the sel- 
ected values of blade passage frequency and actuator resonances (shown on 
Tables III and V), this occurs for cJb = 26.6 Hz and   o^ = 202 Hz.   Substitut- 
ing in Equation (65) 

o) = 4 b/rev 
= 3.2 F. 

M(M R + MF)aV 
(66) 

Comparing Equation (66) with Equations (61) and (62), it evident that, even 
for the worst case, the relative displacement contribution due to the vibratory 
excitation at 4 b/rev is negligible.   Therefore, the results of the parametric 
study are based on the relative displacement due to vibratory excitations at the 
notch frequencies only. 

FINAL RELATIVE DISPLACEMENT DUE TO MANEUVER LOAD 

As previously shown, the notch isolator gives rise to zero relative displacement 
for a step in rotor force [Equation (9)].   Maneuver loads are characterized by a 
ramp force excitation.   Letting t0    be the rise time, and   F©   the final value 
of the rotor-induced force, the final relative displacement due to a maneuver 
load can be obtained from Equation (36): 

- 9- 
RAMP (taCD) M*+Mi 

(67) 

Equation (67) was used to evaluate the effect of feedback gain parameters 
and rise time on the relative displacement due to maneuver loads. 
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ACTUATOR AREA FOR MINIMUM FLOW 

In order to minimize the flow and power requirements for vibratory excita- 
tions and also to provide the required forces during maneuver loads, the 
actuators are considered to have unequal piston areas for the upper and 
lower chambers.   Under a   +3   g maneuver, the maximum tensile force 
exerted by the actuator is given by 

3WF = PlAl-P2A.2 (68) 

where 

P, is the upper chamber pressure 

P2 is the lower chamber pressure 

A, is the upper chamber piston area 

A2 is the lower chamber piston area 

Wp is the fuselage weight 

For the +3   g maneuver, P,   is set to a maximum value of  Ps-Pv    , where 
Ps is the supply pressure and Py is the pressure drop across each land 

of the servovalve.   This pressure drop insures delivery of the required 
flow for vibration Isolation during conditions of combined vibratory and 
transient excitations.   The lower chamber pressure   Pg is set to a mini- 
mum value of   ^   .   Therefore, the limiting actuator force equation based 
on the +3    g maneuver load is given by 

3WF - (Ps-Pv)A,-PvAi (69) 

Under a -0. 5   g maneuver, the maximum compressive force exerted by the 
actuator is given by 

-^Wp'P.AcPgAg (70) 

For this condition, the upper chamber pressure is set equal to Py   and the 
lower chamber pressure is set equal to   P^-Py .   Therefore, the limiting 
force equation based on the -0.5   g maneuver load Is given by 

_i iWp-PVA,-(PS-PY)A2 (71) 

34 

■ 

-■*—    .   ..      — . .._   ■■   !---—»■■ 



,,,.,,.,..,,--,...l,,J. ,,„.,,.„. wmmmtrrrrrrti 

" 

At 

Ar 

.Wp^P&^.5Pv) 

P5
8-2PSPV 

WP(o.5Pa-^5Pv) 
P5'-2P5PV 

(72) 

(73) 

The average actuation area Is then given by 

A- 
A,+Aa a   1.75 

WF 

Pt-2PV 

(74) 

FLOW AND POWER REQUIREMENTS 

The flow required to operate the isolation system Is at a maximum during 
the vibratory cruise flight condition, and results from the relative velocities 
of the actuator generated to Isolate the periodic rotor forces from the fuse- 
lage.   The peak flow  $   is given by 

A t 
Q = Ah (75) 

where 

A is the average actuation area 

5 is the peak relative velocity between rotor and fuselage 

The peak relative velocity occurs at the notch frequencies, when all the 
rotor-induced forces at each discrete frequency reach their peak magnitude 
at the same time.   From Equation (39), letting fi =sACs)and •eja)n       , 
the peak flow for a system with N notches is given by 

A 

Ma)n 

F, P. 
MR+MF   ' 2  MÄ+NU 

+ -- 4--i- 
N   MR + MF 

(76) 
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where     F, » Fe , F5,..., F^ are the magnitudes of the rotor-induced forces 
at the blade passage frequency and its higher harmonics.  Assuming a repre- 
sentative value of   F,/ ( M* v MF) = 0-^ for the rotor-induced force at the 
blade passage frequency, and the relationship between the magnitudes of 
higher harmonic forces and   F, / (M^ t Mr)      to be as shown in Figure 1, 
the peak flow for a two-notch Isolator, in cubic inches per second, is 
given by 

139 

Similarly, for a three-notch isolator. 

(77) 

143 
MCÜ! 

(78) 

As in the case of peak flow, the maximum power required to operate the 
notch isolation system occurs during the vibratory cruise condition, and 
is equal to the rectified average flow q    times the supply pressure Ps 
For sinusoidal excitation. 

and 

(79) 

(80) 

Therefore, 

(81) 

Again assuming representative values of  F,/(M^+Mf) , and the relation- 
ship between rotor-induced forces at various frequencies as shown in Fig- 
ure 1, the maximum power required to operate the hydraulic pump during 
vibratory conditions for a two-notch system, expressed in horsepower, is 
given by 

HP       « O.OI60AS. 
N'2 Ma)n 

(82) 

Similarly, for a three-notch system. 

«PN.5
Ä   00'61 (83) 
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SELECTION OF COMPONENTS AND TYPICAL SYSTEM RESPONSE 

Figures 12 and 13 describe the selected multiple-notch isolation system in 
schematic and block diagram form, respectively.   The isolation system 
operates as follows.   Flow from the servovalve enters the actuator and 
creates a pressure difference   Pj    between the upper and lower actuation 
chambers.   This pressure difference times the average actuation area A is 
equal to the force that the actuator applies to the rotor and fuselage masses. 
The fuselage acceleration is equal to the actuation force divided by the 
fuselage mass.   The rotor acceleration is equal to the excitation force minus 
the actuation force divided by the rotor mass.   The resulting fuselage accel- 
eration is sensed by the accelerometer and fed back to the servoamplifier. 
The resulting forces, applied to the rotor and fuselage masses, generate a 
relative displacement between the two masses, which is sensed by the 
displacement transducer and fed back to the servoamplifier.   The relative 
velocity feedback signal is generated by differentiating the relative 
displacement signal, thereby avoiding the necessity of a third transducer. 

In all cases, notcnes of isolation are introduced at the blade passage 
frequency and higher harmonics, and the rotor speed is tracked to Insure 
coincidence between the notch frequencies and the critical excitation 
frequencies.   In the selection of components, the rotor to fuselage mass 
ratio   MR /MF   was considered to be 1/8 for all gross weights (Reference 5). 
A review of available literature concerning landing gear configurations indi- 
cated that typical undercarriage stiffnesses were found to yield natural 
frequencies of the total helicopter weight on the undercarriage varying from 
1 to 5 Hz, for the range of gross weights under consideration.   An average 
value of 3 Hz was assumed for all gross weights.   Similarly, a value of 
30 percent of critical damping was selected for the undercarriage in all 
cases. 

Hydraulic components were selected for each case based on force, flow and 
power requirements.   The system response to the various dynamic excitations 
was calculated using both analog and digital computers, with initial values 
of feedback parameter gains selected to yield stable systems.   The process 
of selecting final values of gains involved a trial-and-error procedure during 
which both the open- and closed-loop responses were  calculated with dif- 
ferent gain settings until all the requirements of the particular design 
criterion were satisfied. 

CASE IDENTIFICATION 

Table III shows values of rotor speed, blade passage frequency and higher 
harmonics, as a function of helicopter weight and number of blades. 
Originally, seven combinations were to be considered.   However, the combi- 
nation of typical rotor speed and number of blades'for the 10,000-, 20,000-, 
and 40,000-pound helicopters resulted in approximately the same value of 
blade passage frequency (Reference 5).   As shown in the System Analysis 
and Development Section of this report, the relative displacement and 
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response characteristics of the system are a function of the blade passage 
frequency and its higher harmonics, but independent of gross weight. 
Therefore, in the parametric study the three cases having approximately 
equal blade passage frequencies were considered one and the same.   How- 
ever, isolation system weight and power requirements are a function of 
gross weight, and separate values were calculated for each gross weight 
classification. 

For the purpose of tabulating and  discussing the results of this study, each 
case is identified by a number shown in Table IV.   The first digit indicates 
the total gross weight in thousands of pounds, the second digit indicates the 
number of blades, and the third digit indicates the number of notches of 
isolation.   For the two- and three-notch systems, the first notch occurs at 
the blade passage frequency, and the second or third notch occurs at the 
second or third harmonic of b/rev, respectively.   Finally, the letters a, b# 
c and d refer to nominal gross weight, and 10, 20, and 30 percent Increase 
in fuselage weight, respectively, for a constant rotor weight.   In all 
instances of fuselage weight Increase, the rotor weight is held constant 
and equal to 1/9 the total nominal helicopter gross weight. 

SELECTION OF COMPONENTS ' 

For each case identified in Table IV, the actuator area and stroke, servo- 
valve, and feedback gains were defined based on the three criteria shown 
In Table I, the nominal gross weight, and the blade passage frequency.   The 
dynamic characteristics of each component employed in the calculation of 
system response are presented below. 

! 

Supply Pressure 

Sufficient pressure drop   Py   across each land of the servovalve is required 
to insure that the servovalve is capable of supplying the desired peak flow. 
The supply pressure must be high enough to Include this pressure drop, and 
the pressure drop   Pj    required to generate forces across the actuator 
piston area under the maximum expected levels of dynamic excitation.   The 
actuator areas calculated from Equation (74) insure that the required flow 
and power are a minimum.   Combining the expressions for flow [Equations 
(77) and (78)] and power [Equations (82) and (83)1 with Equation (74) indi- 
cates that the supply pressure should be as high as possible. 

Based on rated maximum pressures of available servovalves and actuator 
and a 1,000 psi total pressure drop in the servovalve, a supply pressure of 
4,000 psi was selected.   This high pressure is not normally available on 
helicopters.   However, selection of a lower operating pressure would 
result in flow demands which exceed those presently available.   Therefore, 
although a supply pressure of 4,000 psi requires an additional hydraulic 
pump, the higher pressure allows selection of smaller and lighter actuators 
and valves and a lower overall isolation system weight. 
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TABLE   IV 

CASE AND  CONFIGURATION  IDENTIFICATION 

Case 
Number 

Helicopter 
Gross 

Weight 
(lb ) 

Number 
of 

Blades 
b 

Rotor 
Speed 
(rpm) 

Blade 
Passage 
Frequency 

(Hz) 

Number 
of 

Notches 

2.2.2 a 
b 
c 
d 

2,000 
2,177 
2,356 
2,533 

2 
2 
2 
2 

400 
400 
400 
400 

13.3 
13.3 
13.3 
13.3 

2 
2 
2 
2 

2.4.2 a 
b 
c 
d 

2,000 
2,177 
2,356 
2,533 

4 
4 
4 
4 

400 
400 
400 
400 

26.6 
26.6 
26.6 
26.6 

2 
2 
2 
2 

10.4.2 a 
b 
c 
d 

10,000 
10,880 
11,777 
12,660 

4 
4 
4 
4 

260 
260 
260 
260 

17.5 
17.5 
17.5 
17.5 

2 
2 
2 
2 

20.5.2 a 
b 
c 
d 

20,000 
21,780 
23,560 
25,330 

5 
5 
5 
5 

214 
214 
214 
214 

17.9 
17.9 
17.9 
17.9 

2 
2 
2 
2 

40.6.2 a 
b 
c 
d 

40,000 
43,560 
47,120 
50,680 

6 
6 
6 
6 

177 
177 
177 
177 

17.7 
17.7 
17.7 
17.7 

2 
2 
2 
2 

80.6.2 a 
b 
c 
d 

80,000 
87,108 
94,220 

101,331 

6 
6 
6 
6 

145 
145 
145 
145 

14.5 
14.5 
14.5 
14.5 

2 
2 
2 
2 

80.7.2 a 
b 
c 
d 

80,000 
87,108 
94,220 

101,331 

7 
7 
7 
7 

145 
145 
145 
145 

16.9 
16.9 
16.9 
16.9 

2 
2 
2 
2 
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TABLE IV (continued) 

Case 
Number 

Helicopter 
Gross 

Weight 
(lb ) 

Number 
of 

Blades 
b 

Rotor 
Speed 
(rpm) 

Blade 
Passage 
Frequency 

(Hz) 

Number 
of 

Notches 

2.2.3 a 
b 
c 
d 

2,000 
2,177 
2,356 
2,533 

2 
2 
2 
2 

400 
400 
400 
400 

13.3 
13.3 
13.3 
13.3 

3 
3 
3 
3 

2.4.3 a 
b 
c 
d 

2,000 
2,177 
2,356 
2,533 

4 
4 
4 
4 

400 
400 
400 
400 

26.6 
26.6 
26.6 
26.6 

3 
3 
3 
3 

10.4.3 a 
b 
c 
d 

10,000 
10,880 
11,777 
12,660 

4 
4 
4 
4 

260 
260 
260 
260 

17.5 
17.5 
17.5 
17.5 

3 
3 
3 
3 

20.5.3 a 
b 
c 
d 

20,000 
21,750 
23,560 
25,330 

5 
5 
5 
5 

214 
214 
214 
214 

17.9 
17.9 
17.9 
17.9 

3 
3 
3   \ 
3 

40.6.3 a 
b 
c 
d 

40,000 
43,560 
47,120 
50,080 

6 
6 
6 
6 

177 
177 
177 
177 

17.7 
17.7 
17.7 
17.7 

3 
3 
3 
3 

80.6.3 a 
b 
c 
d 

80,000 
87,108 
94,220 

101,331 

6 
6 
6 
6 

145 
145 
145 
145 

14.5 
14.5 
14.5 
14.5 

3 
3 
3 
3 

80.7.3 a 
b 
c 
d 

80,000 
87,108 
94,220 

101,331 

7 
7 
7 
7 

145 
145 
145 
145 

16.9 
16.9 
16.9 
16.9 

3 
3 
3 
3 
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Actuator Characteristics 

Table V shows the actuator average chamber area  A and the resonant frequency 
*^c (in hertz), based on nominal helicopter gross weight and supply pressure 

of 4000 psi, for the three design criteria identified in Table I. 

The upper and lower actuator chamber areas given by Equation (74) are 
designed so that forces are supplied to the fuselage compatible with the 
+ 3g and -0.5g maximum required values.   Substituting this equation in 
the expression for the actuator resonant frequency, and letting   L   be the 
actuator stroke, results in 

■4 

-"'V^ P^Pv 
rad/sec (84) 

Equation (84) indicates that the actuator resonant frequency is independent 
of the helicopter weight.   Finally, it was assumed that a 10-percent fraction 
of critical damping would represent the leakage and friction characteristic 
of the actuators in all cases. 

Servovalve Characteristics 

Table VI summarizes the dynamic characteristics of the servovalves.   Moog 
Incorporated, Series 30 valves were selected based on their large flow 
capacities and flat frequency response over the frequency range of interest 
to this investigation.   The required peak flows for the two- and three-notch 
systems were calculated from Equations (77) and (78), respectively, for 
1000 psi supply pressure, and maximum helicopter gross weight (1. e., 
nominal plus 30 percent fuselage weight increase).   The number of valves 
utilized In each case was defined in terms of the required flows and the 
maximum rated valve flows as specified by the manufacturer.   Similarly, 
values of servovalve resonant frequency and fraction of critical damping were 
obtained from the manufacturer's specifications for the expected levels of 
pressure and flow. 
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Iransducer Characteristics 

Two feedback transducers are used in the design:   a servoaccelorometer and 
a differential transformer.   The dynamic responses of both are assumed to 
be flat to frequencies well above those of interest. 

SELECTION OF FEEDBACK PARAMETERS 

Selection of gains for the various feedback parameters was based on: 
(1) providing as high a degree of vibrütlon isolation as possible at the 
critical notch frequencies;   (2) limiting the relative deflections during 
10 ft/sec landing to the values required by each design criteria;   and 
(3) maintaining a safe margin of system stability. 

The gain margin can be calculated from the magnitude of the system open- 
loop transfer function, Equation (46), at the phase crossover frequency. 
The phase crossover frequency is defined as the frequency where the total 
phase angl'» is -180°.   All of the feedback loops Introduce both gain and 
phase lag into the system response, but to varying degrees.   At frequencies 
above the highest notch frequency, the acceleration feedback loop has a 
uniform phase angle of +90°.   The phase contribution from the notch 
elements is -180  , resulting in a net phase angle of -90°.   Since the signal 
from the displacement transducer is filtered at a low frequency, any remain- 
ing gain from the displacement loop at frequencies above the highest notch 
frequency will also be small.   Therefore,   at frequencies above the highest 
notch frequency, the total open-loop phase angle can be approximated by 
calculating the system response based on the dynamic characteristics of the 
acceleration loop alone, including the actuator and the servovalve.   Since 
the acceleration loop contributes -90° phase, the phase crossover frequency 
corresponds to the frequency where the actuator In series with the servo- 
valve provides -90° of phase shift. 

Table VII shows the crossover frequency as a function of helicopter gross 
weight for the acceleration open-loop, including the actuator and servovalve 
characteristics.   In each case, calculations were based on the lowest actu- 
ator resonant frequency, namely the longest stroke (Criterion A) and the 
maximum weight.   Comparison of the phase crossover frequency with the 
frequency of the highest notch (3b/rev) indicates that in all cases the 
phase crossover frequency is well above the highest notch frequency.   As 
a first approximation, the assumption of selecting gains for the acceleration 
loop and neglecting the effect of the displacement loop is thus justified. 

Knowing the crossover frequency, initial values of the allowable accel- 
eration loop gain were calculated on the basis of a 3U-db gain margin.   The 
acceleration loop gain, as a function of frequency, is given by 
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HJ 
u) (85) 

where  KN   is the relative static gain of the  Nth  notch element.   Based 
on equal percentage notch bandwldths [Equation (54)] and the relationship 
between the frequencies at which the notches occur (b/rev, 2b/rev and 
3b/rev for a three-notch system), Equation (85) can be rewritten as 

[«-.)«., «M^K.Jj, ^^ 4^r^ ^fj (86) 

where 

K,  = 

M = 

gain at the first notch 

blade passage frequency 

MR + Mp 
1 
2> 

The maximum value of  C,j /A   that was selected is unity;   lower values 
would be used to reduce the acceleration gain throughout the frequency 
range in the event that the displacement criteria are not met.   Therefore, as 
a first approximation, the gain   K,    is set such that Equation (86), evaluated 
at co = phase crossover frequency, yields a value of   Ga.cc     =   0.032, 
which corresponds to approximately a 30-db gain margin,,   For each case the 
crossover frequency used in estimating the initial value of 
shown in Table VII for the nominal gross weight. 

K,   is that 

Initial selection of the remaining feedback gains was based on a qualitative 
evaluation of the effect of each parameter on the response of the system. 
Table VIII summarizes those effects.   The relative values of gain shown in 
parentheses are indicative of very weak effect on the system response. 
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TABLE VIII 

QUALITATIVE SUMMARY OF THE EFFECT OF GAINS ON SYSTEM RESPONSE 

Relative Values of Gain 

Desired Response Characteristics 

Small Relative Displacement During 
In-Fllght and Landing Transients 

Fast Speed of Response 

Large Gain Margin 

Low Vibration Peak Amplification 

Wide Notch Bandwidth 

n C«/A KN Cd/A 

Low Low Low High 

Low Low Low High 

(High) Low Low (Low) 

(High) (Low) (Low) (Low) 

High High High Low 

The process of final selection of gains involved repetitive solutions of both 
the open- and closed-loop responses of the system for the various dynamic 
conditions of the study with different values of gain.   In all cases, the 
gain margin based on the complete system open-loop transfer function, 
Equation (46), was at least 20 db. 

The values of the final gain parameters for each case considered are shown 
in Tables IX and X for the two- and three-notch systems, respectively. 
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TABLE IX 

SUMMARY OF SERVOAMPLIFIER PARAMETERS FOR TWO-NOTCH SYSTEM 

Ca/A n Cdy/A Crf/A kx * 
Case 

Number* Criterion 
(sec) (sec) (sec*1 

xl0"A xIO"3 

2.2.2 A 1.0 0.019 0.1 26 m.i 7.2 
h 1.0 0.019 2.5 50 1U.M 7.2 
c n.uu 0.0190 O.u 28 1«4.«4 7.2 

2.»«.2 A 1.0 0.083 0 2.5 3.62 1.81 
H 1.0 O.G«4W 0 20 3.62 1.81 
c 0.H3 0.083 Ü 2.5 3.62 1.81 

10.1.2 A 1.0 0.133 0 20 5.59 2.79 
H 1.0 0.0166 u 27.5 5.59 2.79 
c 0.U1 0.133 0 20 5.59 2.79 

20.5.2 A 1.0 0.133 Ü 20 5.59 2.79 
B 1.0 0.0166 0 27.5 5.59 2.79 
c 0.U1 0.133 0 20 5.59 2.79 

40.6.2 A 1.0 0.133 G 20 5.59 2.79 
B 1.0 0.0166 0 27.5 5.59 2.79 
c 0.M1 0.133 c 20 5.59 2.79 

80.6.2 A 1.0 0.0265 0 22.5 9.35 U.68 
r 1.0 0.0167 0.75 37.5 9.35 1.68 
C 0.43 0.0265 Ü 22.5 9.35 1.68 

80.7.2 A 1.0 O.OMUb Ü 12.5 6.25 3.13 
P 1.0 0.0167 0 30 6.25 3.13 
c 0.U05 O.OUUs 0 12.5 6.25 3.13 

"Values of parameters are the fame for all fuselage weight variations 
considered in each case. 
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TABLE X 

SUMMARY OF SERVOAMPLIFIER PARAMETERS FOR THREE-NOTCH SYSTEM 

Case 
Number*   Criterion 

2,2.3 

2.4.3 

10.4.3 

20.5.3 

40.6.3 

80.6.3 

80.7.3 

Ca/A 

(sec)        (sec) 

Cdv/A      Cd/A     k, 

(sec- ) 
xlO'3  xlO"3  xlO a 

A 
B 
C 

1.0 
1.0 
0.395 

0.045 
0.022 
0.045 

0 
0.5 
0 

22.5 
35. 
22.5 

7.25 
7.25 
7.25 

3.63 
3.63 
3.63 

2.42 
2.^2 
2.42 

A** 
B 
c** 

1.0 0.0745 0 5 1.6 0.8 0.52 

A 
B 
C 

1.0 
1.0 
0.415 

0.133 
0.0444 
0.133 

0 
0 
0 

2.5 
15 
2.5 

2.58 
2.58 
2.58 

1.26 
1.26 
1.26 

0.89 
0.89 
0.89 

A 
B 
C 

1.0 
1.0 
0.415 

0.133 
0.0444 
0.133 

0 
0 
0 

2.5 
15 
2.5 

2.58 
2.58 
2.58 

1.26 
1.26 
1.26 

0.89 
0.89 
0.89 

A 
B 
C 

1.0 
1.0 
0.415 

0.133 
0.0444 
0.133 

0 
0 
0 

2.5 
15 
2.5 

2.58 
2.58 
2.58 

1.26 
1.26 
1.26 

0.89 
0.89 
0.89 

A 
B 
C 

1.0 
1.0 
0.41 

0.667 
0.222 
0.667 

0 
0 
0 

7.5 
25 
7.5 

4.3 
4.3 
4.3 

2.15 
2.15 
2.15 

1.43 
1.43 
1.43 

A 
B 
C 

1.0 
1.0 
0.43 

0.133 
0. 0295 
0.133 

0 
0 
0 

7.5 
20 
7.5 

4.3 
4.3 
4.3 

2.15 
2.15 
2.15 

1.43 
1.43 
1.43 

♦Values of parameters are the same for all fuselage woight variations 
considered in each case. 

** Displacement feedback gain could not be reduced from the value used in 
Criterion B without resulting in either an unstable system or in a very 
sluggish system response, 
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TYPICAL RESPONSE 

The parametric study involved calculation of the response of five isolated 
fuselages to a wide variety of dynamic excitations. Each fuselage is 
characterized by different gross weights and associated blade passage 
frequencies. For each nominal gross weight, six different isolation system 
configurations were evaluated; namely, two- and three-notch systems for 
the three maximum relative displacement and stability criteria cited in Table I. 
Finally, the effect of increasing the fuselage weight by 10, 20, and 30 percent 
on the system response was evaluated for each of the active isolators. 

All results are tabulated in the section of this report entitled Discussion of 
Results. However, in order to clarify some of the comments which will be 
made therein regarding the effect of parameter variations and design criteria 
on the system response, and at the same time to limit the number of figures 
to be presented, typical results for two cases are shown in detail; namely, 
the 2,000-lb helicopter with a two-blade rotor, and the 2,000-lb helicopter 
with a four-blade rotor. 

■ 

The first case is for the lowest blade passage frequency considered in the 
analysis (13.3 Hz), and represents the worst condition from the point of 
view of maintaining displacement control under the steady-state vibratory 
excitation condition described on page 7.    For this case, the allowable 
acceleration loop gain based on stability considerations is large.   Very 
large values of relative displacement gain are therefore required to limit 
the landing transient displacements to within the desired magnitudes. 
In-flight transient deflections are very small as a result of the large 
relative displacement gain. 

The second case is for the highest blade passage frequency (26.6 Hz) and 
represents the worst condition from the point of view of:   a) maintaining 
displacement control under 3 g in-flight maneuver condition, and b) maintain- 
ing the required margin of stability.   For this case, stability considerations 
allow only a very small value of acceleration loop gain.  Therefore, very 
little (in fact, zero) relative displacement gain is required to limit the 
landing transient displacement to within the desired peak magnitude.   Due to 
the low relative displacement gain, the resulting in-flight transient deflec- 
tions are quite large, but not in excess of the maximum allowable. 

In every case, the loop gain margin was maintained at a constant level and 
the relative displacement gain and lead network time constant were adjusted 
such that, under the 10 feet per second landing shock, the peak relative 
displacement was equal to that allowed by the design criterion.   Thus, for 
the system gains selected, the relative displacement during the landing 
condition is independent of the helicopter configuration. 
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Open-Loop Response 

Figure 14 shows the magnitude and phase diagrams of the complete system 
open-loop transfer function. Equation (46), for the 2,000-lb, two-blade heli- 
copter designed on the basis of Criterion A.   The response of the third notch 
contributes most to the total open-loop gain at the phase crossover frequency. 
As indicated by the dotted curve, elimination of the third notch, with all other 
system parameters remaining constant, results in a larger gain margin.   There- 
fore, when only two notches are used, it is possible to increase the accelera- 
tion flow gain and still maintain the desired 20 db gain margin.   This increase 
in flow gain results in a broader bandwidth for the two-notch isolator.   In all 
cases the number of notches is limited to 3.  For high blade passage fre- 
quencies , stability requirements placed a limitation on the allowable number 
of notches.   For helicopters having low blade passage frequencies, additional 
notches of isolation could be added.   However, the addition of notches would 
lower the bandwidth of all notches and not materially add to the overall isola- 
tion efficiency since high blade passage frequency excitations are quite small. 

The allowable Increase in acceleration flow gain due to elimination of the 
third notch is more pronounced for helicopters with high blade passage 
frequency, as shown in Figure 15.   For high values of b/rev, the frequency 
at which the third notch occurs approaches the resonant frequencies of the 
actuator and servovalve.   Therefore, only a very small acceleration flow 
gain can be introduced if the desired stability margin is to be maintained. 
Elimination of the third notch allows a significant Increase in flow gain 
since the contribution of the second notch to the total gain is very small at 
higher frequencies. 
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Figure 14.   Magnitude and Phase 
Diagrams of the Open-Loop Transfer 
Function for 2,000-lb Helicopter, 
Two-Blade Rotor, Design 
Criterion A. 

Figure 15.   Magnitude and Phase 
Diagrams of the Open-Loop Transfer 
Function for 2,000-lb Helicopter, 
Four-Biade Rotor, Design 
Criterion A. 
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The gain margins shown in Figures 14 and 15 for the three-notch systems 
are typical of the stability margins obtained in all cases.   The dotted curves 
represent the effect of eliminating only the third notch, leaving all feedback 
gains at the values optimized for the three-notch system.   As shown in Tables 
DC and X, the two-notch system for any given helicopter employs values of 
feedback gains which differ from those used in the three-notch design.   The 
gain margin for the two-notch system would be closer to the values given by 
the solid curves in Figures 14 and 15. 

Response to Vibratory Excitations 

As stated on Page 7, two types of vertical steady-state vibratory excitation 
conditions were considered, namely cruise and ground vibrations.   Effec- 
tivenesses were calculated from Equations (36) and (37) for the vertical 
responses at both the fuselage and rotor centers of gravity, respectively, 
as a function of frequency.   Although the rotor-induced excitations occur 
only at 1/rev, b/rev, 2b/rev, 3b/rev and 4b/rev, valuer of effectiveness 
were calculated at all frequencies from 1 to 1,000 Hz in order to better define 
the effect of the various feedback parameters, design criteria, and weight 
variations on the response of each system. 
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Figure 16.    Fuselage Effectiveness for 2,000-lb, Two-Blade 
Helicopter With Three-Notch Isolator During Cruise 
Vibrations (b/rev = 13.3 Hz). 
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Cruise Vibrations 

Figure 16 (a) shows the fuselage effectiveness during cruise vibrations for 
the 2,000-lb, two-blade helicopter isolator with three notches.   At the notch 
frequencies the effectiveness is greater than 100, regardless of isolator 
design criteria or fuselage weight variation.   From Equation (56) the isolated 
fuselage acceleration is theoretically zero at the notch frequency;   therefore, 
the theoretical fuselage effectiveness should be infinite.  At frequencies above 
the actuator resonance (above ^ 400 Hz), the fuselage effectiveness is greater 
than one, indicating that passive isolation is provided at high frequencies by 
the actuator itself. 

The isolator designed for Criterion B employs a shorter stroke actuator and 
different values of gain than Criterion A.   For the same supported weight, 
the actuator resonant frequency for Criterion B is higher than for Criterion A. 
Therefore, just as for a system with two notches rather than three notches, 
the use of an actuator of shorter stroke necessitates decreased flow gains 
resulting in narrower notch bandwidth and a greatly reduced peak transient 
deflection. 

As shown in Figure 16(b), for any given isolator design, increases in 
fuselage weight do not affect the fuselage effectiveness except in the region 
corresponding to actuator resonance frequency and at higher frequencies. 
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Figure 17. Rotor Effectiveness for 2,000-lb, Two-Blade 
Helicopter With Three-Notch Isolator During 
Cruise Vibrations (b/rev = 13.3 Hz). 
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Figure 17 (a) shows the rotor effectiveness during cruise vibrations for the 
2,000-lb, two-blade helicopter isolation system with three notches.   At the 
notch frequencies, the rotor effectiveness is equal to 1/M [Equation (57)]. 
At high frequencies, the rotor effectiveness also approaches a value of 
1/M [ Equation (37)3.   As in the case of the fuselage effectiveness, the 
rotor responses for Criteria B and A differ in the neighborhood of the actuator 
resonance due to the higher actuator resonant frequency and the lower damp- 
ing coefficient associated with Criterion B.   The lower flow gains required 
for Criterion B again result in narrow bandwidths of isolation at the notches. 
This effect is more noticeable for the rotor response since any changes in 
fuselage response are magnified at the rotor by the factor of 1/M.   In the 
low frequency range, the lower gain associated with Criterion B results In 
a higher resonant frequency and increased damping.   Finally, as shown in 
Figure 17 (b), increases in fuselage weight do not affect the rotor effective- 
ness except in the region corresponding to the actuator resonant frequency. . 
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Figure 18.    Fuselage and Rotor Effectiveness for 2,000-lb 
Helicopter With Three-Notch Isolator During Cruise 
Vibrations (Design Criterion B). 

Figure 18 shows the effect of blade passage frequency on the response of 
both the rotor and fuselage.   The effectiveness curves shown are for the 
2,000-lb, two-blade and four-blade helicopter Isolators with three notches. 
The excitation frequencies for the four-blade Helicopter occur nearer the 
actuator resonant frequency, resulting in a lower flow gain for the four-blade 
design than for the two-blade design.   The effect of lower gains on the notch 
bandwidth and effectiveness at low frequencies is similar for both the rotor 
and fuselage.   One difference Is evident in the neighborhood of the third 
notch for the four-blade design, where the phase Interaction between the 
third notch and the actuator resonance results In much lower values of 
rotor effectiveness. 
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Comparison of Two- and Three-Notch Systems 

Figure 19^ shows the fuselage and .rotor response to cruise vibrations for the 
2,000-lb, two-blade helicopter With two notches of isolation for design Cri- 
teria A and B.   Elimination of the third notch results in the required displace- 
ment control to be attained with lower values of flow gain. 

Comparison of Figure 19 with Figures 16 and 17 indicates that the lower 
values of flow gain result in narrower notch bandwidths and a more stable 
system.   The higher values of effectiveness shown for the 2,000-lb, two- 
blade, two-notch system in the neighborhood of the actuator resonance for 
Criterion B are primarily due to the higher value of velocity feedback gain 
employed In this case (see Tables DC and X).   The higher value of velocity 
gain was required to limit fuselage amplification at low frequencies.   The 
difference in effectiveness between the two- and three-notch designs is not 
as pronounced in the remaining cases since the gain of the velocity feedback 
is either much smaller or zero. 
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Figure 19.  Fuselage and Rotor Effectiveness for 2,000-lb, 
Two-Blade Helicopter With Two-Notch Isolator 
During Cruise Vibrations for Nominal Helicopter 
Gross Weight (b/rev = 13.3 Hz). 

Response of System Designed for Criterion C 

The feedback parameter gains for Design Criterion C were selected to result 
in the same displacement control as for Criterion B but with a larger margin 
of stability.   As shown in Tables IX and X, the acceleration flow gain for 
Criterion C is lower than for Criteria A and B, while the displacement 
feedback gain is kept the same as for Criterion A.   The vibration response 
of systems designed for Criterion C is similar to the response of Criterion B 
except for slightly wider notch bandwidths and higher fuselage effectiveness 
at frequencies other than the notch frequencies. 
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Ground Vibrations 

For ground vibration excitations, the fuselage and rotor effectiveness are 
given by Equations (36) and (37) with values of 3 Hz and 0.3 for the under- 
carriage resonant frequency and damping, respectively, based on the nominal 
total fuselage gross weight.   Figures 2Ü and 21 show the fuselage and rotor 
effectiveness for ground vibrations for the same cases shown in Figures 16 
and 17 for cruise vibrations. 
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Figure 20.   Fuselage Effectiveness for 2,000-lb, Two-Blade 
Helicopter With Three-Notch Isolator During Ground 
Vibrations (b/rev = 13.3 Hz). 
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Figure 21. Rotor Effectiveness for 2,000-lb, Two-Blade 
Helicopter With Three-Notch Isolator During 
Ground Vibrations (b/rev ■ 13.3 Hz). 
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In the frequency range above 10 Hz, the response of the rotor and fuselage 
to cruise and ground vibrations is identical, since the undercarriage 
resonant frequency falls well below the first notch of isolation.   At low 
frequencies, the increase in both rotor and fuselage effectiveness is due to 
the stiffness of the undercarriage and not to the active isolator.   As shown in 
Figures 20 (b) and 21 (b), changes in fuselage weight affect both the rotor and 
fuselage effectiveness at low frequencies. 

Response to Flight Maneuvers 

The excitation applied to the rotor during flight maneuvers is a ramp in 
acceleration.   Two values of peak acceleration (+3g and -0.5g) and three 
values of rise time (0.6, 0.8 and 1.0 sec) were to be considered. 

The fuselage and rotor accelerations and relative displacements were calcu- 
lated from Equations (36) through (38), excluding the actuator and servovalve 
dynamics, since the response of the system to the long rise-time maneuver 
loads is controlled primarily by the low-frequency dynamic characteristics of 
the various components.   This simplification allowed generation of the time 
solutions using a high speed analog computer. 

Figure 22 shows the analog diagram of the isolation system, with the 
associated coefficient and voltage scale factors.   The time scale of the 
solution is 1/100.   The magnitude of  T  in Figure 22 is shown divided by 100 
so that the frequencies indicated in the analog diagram are based on real 
time.   The fuselage and rotor acceleration time histories and relative displace- 
ment time histories were obtained from oscilloscope traces of the analog com- 
puter output. 

Typical fuselage acceleration responses to the +3g, 0.6 sec rise-time man- 
euver are shown in Figure 23 for the 2,000-lb helicopter with the isolation 
system designed to Criterion B requirements.   The fuselage acceleration 
follows the excitation very closely except for a very small overshoot.   The 
rotor acceleration responses, for the same cases, are shown in Figure 24. 
Again the rotor acceleration follows the excitation except for a small overshoot 
and subsequent oscillations having a frequency content corresponding to the 
notch frequencies.   The oscillations, in both the rotor and fuselage accelera- 
tions, result from excitations of the notch-producing elements and are small 
in magnitude due to the relatively small energy content of the transient 
excitation at the notch frequencies.   The acceleration overshoot of the rotor is 
greater than that of the fuselage since the control system applies the same 
force to both the fuselage and rotor masses.   Therefore, the lighter mass 
experiences a larger peak acceleration;   however, in neither case does the 
acceleration overshoot exceed 3 percent. 

The fuselage and rotor accelerations for the ramps of longer rise-time 
(0.8 and 1.0 sec) will show the same characteristics except for lower 
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values of overshoot, since the system will be able to follow the longer rise- 
time maneuvers more closely.   Equations (36) and (37) indicate that the 
rotor and fuselage accelerations are directly proportional to the level of peak 
maneuver acceleration   F0 / (MR4Mr) .   Therefore, for the case of the -0.5g 
maneuvers, the peak accelerations will be - 1/6 the values shown for the 
+ 3 g maneuver. 

Typical relative displacement time histories for the +3g, 0.6 rise-time 
maneuver are shown in Figures 25(a), (b), and (c).   The maximum displacement 
occurs during the rise-time in the acceleration ramp.   Depending on the 
value of the lead in the acceleration network   7)   , the relative displacement 
will either return to zero rapidly and oscillate about zero, or return to zero 
asymptotically.   For high values of b/rev. Figure 25(c), the selected gain 
parameters result in a very sluggish response, whereas the response for 
lower values of b/rev is less damped, Figures 25 (a) and (b).   In order to 
categorize the displacement response to the transient excitations and 
attempt to define a measure of merit on the speed of response of the system, 
the characteristics of these two types of displacement time histories are 
defined as shown in Figure 26,   Values of displacement time history charac- 
teristics are tabulated in Table XVI for all configurations. 

As indicated in Equation (67), the peak displacement due to an acceleration 
ramp is directly proportional to the level of acceleration input FO/^R^^F) 
and inversely proportional to the rise-time.   Therefore, for the -0.5g 
maneuvers, the peak displacement will be - 1/6 those for the +3g maneuver. 
Longer rise-times than 0.6 second will also result in proportionately lower 
peak displacements.   The typical effect of varying the rise-time of the 
maneuver load from 0.6 to 1.0 second is shown in Figure 27. 

One comment should be made regarding the relative displacements during 
in-flight transient and steady-state vibratory excitations.   For helicopters 
with high blade passage frequency, the relative displacement under +3g 
transient maneuvers is greater than the relative displacement under +0.3g 
vibratory excitations.   For low blade passage frequencies the relative dis- 
placement under transient excitation is less than under vibratory excitations. 
As previously stated, in the latter case stability requirements allow intro- 
duction of higher values of displacement gain;   therefore, better displacement 
control during transient maneuvers can be achieved.   In all cases, of course, 
the relative displacement under landing transients is kept within the maximum 
value set forth by the design criterion. 
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copter With Criterion B Isolation System Design Subjected 
to +3g, 0.6 Second Rise-Time Maneuver. 
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Response to Landing Shock 

The response of the system to the landing velocity shocks was calculated 
from Equations (39) through (41) using the analog computer simulation shown 
in Figure 22. 

Figures 28 and 29 show typical fuselage and rotor acceleration time histories, 
respectively, for the 10 ft/sec landing velocity.   Examination of the fuselage 
acceleration indicates that it deviates little from the response that would be 
obtained without the isolation system, except for the small oscillations at 
the isolator notch frequencies.   The portion of the acceleration time history 
having zero magnitude indicates that the helicopter bounces off the ground 
after first impact.   It was assumed that the 10 ft/sec landing velocity corre- 
sponds to a crash landing, and that no lift is provided by the rotor under this 
condition.   Therefore, the bounce time of the helicopter is kept to a minimum. 
The rotor response is highly oscillatory, due to the fast rise-time of the 
fuselage response which excites the notch oscillators in the acceleration loop. 

The effect of changing the fuselage mass on the system response is shown 
by comparing Figure 28 (a) with 28 (b), and Figure 29 (a) with 29 (b).   The 
magnitude of the transmitted accelerations decreases with increasing fuselage 
mass.   This change can be attributed to the lower resonant frequency and 
damping fraction of the heavier helicopter resting on the landing gear.   As 
the fuselage mass increases, both the resonant frequency and damping 
fraction of the helicopter decrease, resulting in lower values of the initial 
fuselage acceleration.   The Initial fuselage acceleration excites the notch 
oscillators, and a decrease in its magnitude with increasing fuselage weight 
causes a reduction in the amplitude of the high-frequency oscillations and 
the associated reduction in the accelerations transmitted to the rotor during 
landing. 

The effect of blade passage frequency on the system response is indicated by 
comparing Figures 28 (a) with 28 (c), and 29 (a) with 29 (c). 

Typical relative displacement time histories for the 10 ft/sec landing shock 
are shown in Figure 30.   For low values of b/rev [Figures 30 (a) and (b)], the 
system is relatively undamped, and the displacement response is character- 
ized by a high frequency oscillatory motion superimposed on a lower frequency 
motion.   The lower frequency oscillations are due to the helicopter resting on 
the landing gear, while the higher frequency motions are due to the response 
of the notch oscillators.   For systems with high b/rev. Figure 30 (c), the 
response is highly damped and the level of high frequency oscillations is 
?mall. 

Figure 31 shows the typical system response to a 5 ft/sec landing velocity 
shock.   For this lower level of landing velocity, the helicopter does not 
bounce off the ground.   Comparison of Figure 31 with Figures 28 (a), (b) and 
(c) shows that the acceleration and relative displacement peak amplitudes are 
half those for the 10 ft/sec landing shock.   However, because the helicopter 
does not bounce off the ground for the lower level landing velocity shock, 
the shape of the acceleration and relative displacement time histories after 
the first peak is slightly different than for the more severe landing condition. 
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DISCUSSION OF RESULTS 

The investigation reported herein is intended tc verify the feasibility of 
effectively isolating helicopter fuselages from rotor-induced vibratory 
forces.   Existing electrohydraulic systems are modified to result in virtually 
zero forces being transmitted to the fuselage at the critical excitation 
frequencies.   System parameters are selected to yield maximum relative 
displacements under transient excitations which are compatible with heli- 
copter control requirements,   The evaluation includes helicopter fuselages 
weighing from 2,000 to 80,000 pounds, with blade passage frequencies 
ranging from 13.3 Hz to 26.6 Hz.   The analysis considers vertical rotor- 
induced vibratory forces, both cruise and on the ground;   vertical rotor- 
induced transient loads during in-flight maneuvers;   and landing velocity 
shocks.   The rotor and fuselage are assumed to be lumped rigid masses, 
and only single-rotor configurations having the rotor shaft aligned with the 
center of gravity of the fuselage are considered. 

The results of the parametric study show the response of the selected 
electrohydraulic notch isolation system to the various types of excitations 
in tabular form, in terms of rotor and fuselage accelerations, relative 
displacement between the rotor and fuselage, system stability, power 
requirements, and estimated isolation system weight.   System performance 
and requirements üre evaluated as a function of the number of notches of 
isolation. Increases in fuselage weight, and maximum allowable relative 
displacement during landing. 

Identification of each case considered in the study is shown in Table IV. 
The following paragraphs present a discussion of the results. 

STATIC DEFLECTION 

The static deflection in all cases is zero [Equation (9)].   In the event the 
active system becomes inoperative, a pseudo static deflection can be 
defined in terms of the compressibility of the oil contained within the 
actuator chambers, the piston area, and the stroke, for the condition of 
zero leakage.   Values of pseudo Isolator stiffness and static deflection are 
shown in Table XI. 
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TABLE XI 

SUMMARY OF SYSTEM PSEUDO STATIC DEFLECTION 

Fuselage 
For All 

Weight 
Cases 

Design 
Criterior 

Pseudo 
Isolator 

Stiffness* 
(lb/in.) 

Pseudo 
Static 

Deflection** 
(in.) 

Nominal 
+ 10% 
+ 20% 
+ 30% 

• 

A 
A 
A 
A 

8.16  x   10^ 
8.16  x  10= 
8.16 x 10* 
8.16  x   105 

0.00245 
0.00270 
0.00294 
0.00319 

Nominal 
+ 10% 
+ 20% 
+ 30% 

B and C 
B and  C 
B and C 
h and C 

2.04  x  10*? 
2.04  x  10° 
2.04  x  10^ 
2.04 x  106 

0.00098 
0.00108 
0.00118 
0.00127 

*       Defined as 2 P A where 
L 

ß 
A 
L 

=     200,000 lb/in.2 

=     average actuator area, in. 
=     actuator stroke,   in. 

Aft Defined as the ratio of fuselage weight to pseudo isolator 
stiffness.  The actual static deflection with the active 
system in operation is zero in all cases. 
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DYNAMIC RESPONSE 

Vibratory Excitations 

Figure 32 shows the total normalized relative deflection between the roto- and 
fuselage due to vibratory excitations at the notch frequencies, calculatea for 
a broad range of blade passage frequencies, using Equations (61) and (62) for 
the three- and two-notch systems, respectively.   As previously noted, at tho 
notch frequencies, the system response to vibratory excitations is independent 
of the feedback gain parameters.   Thus, the relative displacements due to 
steady-state vibratory excitations are independent of Criteria A, B and C. 
Based on typical values of unisolated helicopter accelerations  F„AX/rWd + Wir) 
= 0.3g, the total relative displacement ranges from +0.165 inch for b/rev of 
13.3 Hz to+0.042 inch for b/rev of 26.6 Hz. 

In ail cases, the fuselage effectiveness at b/rev, 2b/rev and 3b/rev (the 
latter frequency applying only to the three-notch Isolator) is greater than 100. 
The isolation system incorporates a tracking network that is able to place the 
frequency of the isolation notch at the blade passage frequency and its harmon- 
ics, even though operational changes in rotor speed may cause the blade pas- 
sage frequency to vary as much as 20 percent (see Table II).   Therefore, since 
the frequencies of vertical rotor-induced excitation are automatically tracked, 
the accelerations transmitted to the isolated fuselage will always be at least 
1/100 those experienced by the unisolated fuselage subjected to rotor-induced 
forces of the same magnitude. 

. 
The effectiveness curves, however, were calculated as a function of frequency 
to allow evaluation of the bandwidth of isolation at each of the notches.   The 
notch bandwidth affects the maximum relative deflections under transient con- 
ditions.   Specifically, broader bandwidths give rise to large transient 
displacements.   The system parameters which define the notch bandwidth also 
affect system stability.   A broad bandwidth would result in less stringent 
tracking requirements.   Therefore, a comparison of bandwidths at each of the 
notch frequencies between the various cases and criteria considered serves 
to evaluate the performance of the active isolation systems. 

Figure 33 shows the percentage notch bandwidth of all the isolators consid- 
ered as a function of blade passage frequency.   The percentage bandwidth is 
calculated from Equation (53).   The response of the third notch contributes 
most to the total open-loop gain at the phase crossover frequency.   Elimin- 
ation of the third notch, with all other system parameters remaining constant, 
results in a larger gain margin (Figures 14 and 15).   Therefore, when only two 
notches are used it is possible to increase the acceleration flow gain and still 
maintain the desired 20db gain margin.   This increase in flow gains results in 
a broader bandwidth for the two-notch isolator, regardless of isolator design 
criterion. 

The allowable increase in acceleration flow gain due to elimination of the 
third notch is more significant for helicopters with high blade passage 
frequency.   For high values of b/rev, the frequency at which the third notch 
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occurs approaches the resonant frequency of the actuator.   Therefore, only 
a very small amount of acceleration flow gain can be introduced if the 
desired stability margin is to be maintained.   Elimination of the third notch 
allows a significant increase in flow gain since the contribution of the 
second notch to the total gain is very small at higher frequencies. 

In all cases the notch bandwidth decreases with increasing blade passage 
frequency, due to the inability to introduce a high enough value of flow 
gain and still maintain the desired system margin of stability.   Finally, for 
the highest value of blade passage frequency considered (b/rev = 26.6 Hz) 
and three notches, the displacement feedback gain for Criteria A and C 
could not be reduced from the values used in Criterion B without resulting in 
a very sluggish system response.   The curves shown in Figure 33 for 
Criteria A and C were extended based on the shape of the curve for 
Criterion B.   Selection of a slightly lower maximum value of b/rev than 
26.6 Hz would have allowed definition of the curves at higher values of 
b/rev. 

In all cases, increases in fuselage weight do not significantly change the 
rotor and fuselage effectiveness.   However, the fuselage-to-rotor mass 
ratio affects the value of the total open-loop gain [Equation (82)].   An 
increase in the fuselage weight results in a lower acceleration flow gain, 
an associated increase in system stability, and a decrease in notch 
bandwidth. 

The comments made above apply to both cruise and ground vibratory 
conditions.   The landing gear has no effect upon the response of the system 
at the notch frequencies, since the resonant frequency of the total helicopter 
mass on the landing gear is well below the blade passage frequency in all 
cases. 

As previously stated, notches of isolation were introduced at only b/rev, 
2b/rev and 3b/rev (the latter only for the three-notch system).   Nevertheless, 
the Investigation called for evaluation of effectivenesses at 1/rev and 4b/rev 
in addition to those at which notches are Introduced.   Tables XII and XIII 
show the fuselage and rotor effectivenesses at 1/rev, b/rev, 2b/rev, 3b/rev 
and 4b/rev for cruise and ground vibrations, respectively. 

Tables XIV and XV show the fuselage and rotor accelerations at the five 
critical frequencies for cruise and ground vibrations, respectively, 
normalized with respect to the acceleration of the unisolated rotor at b/rev, 
Pro/(Mn+ MO   •   The normalized acceleration is calculated as the product 
of the normalized rotor excitation at each critical frequency (Figure 1) and 
the Inverse of the effectiveness at that frequency. 
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■ . 

In-F light Maneuvers 

The excitations applied at the rotor during maneuvers are +3g and -0,5g 
ramps having a rise-time of 0.6 second.   In all cases, the isolation system 
induces rotor and fuselage acceleration oscillations about the input 
acceleration.   The acceleration overshoot for the rotor is greater than for the 
fuselage, since the control system applies the same force to both masses 
and, therefore, the smaller mass experiences a larger acceleration. 

Table XVI shows the characteristics of the relative displacement time history 
for the +3g, 0.6 second ramp input.   The peak displacement is shown in 
each case.   When the response is fast and the displacement crosses zero, 
the time to reach zero displacement and the amplitude of oscillation after 
reaching zero displacement are tabulated (Figure 26).   For the cases where 
the system response is highly damped and reaches zero asymptotically, the 
time to reach a displacement equal to 5 percent of the peak displacement is 
tabulated.   Both these times serve as a measure of the system speed of 
response. 

Figure 34 shows the peak relative displacement during a 3 g maneuver plotted 
versus blade passage frequency for the two- and three-notch isolators 
having parameters based on the three previously mentioned criteria. • The 
two-notch isolators give rise to smaller relative displacements due. primarily 
to the larger relative gains required to limit the displacements during landing 
shock. The smallest displacements occur for Criterion B due to lower values 
of lead network time constant and increased relative gains. 

The peak displacement due to in-flight maneuvers is independent of the rotor 
or fuselage masses, or their mass ratio [Equation (63)].   The rotor and 
fuselage acceleration overshoots are dependent on the fuselage mass 
[Equations (36) and (37)].   However, the overshoot does not exceed 3 percent 
for any of the fuselage weight changes considered in the study.   Values of 
fuselage and rotor acceleration for the +3g, 0.6 second ramo are shown in 
Table XVII. 

Examination of Equations (36), (37) and (38) Indicates that the system 
response Is directly proportional to the level of the peak ramp acceleration. 
As previously stated, the response to a -0.5g ramp in rotor force will be - 1/6 
that resulting from the +3g ramp.   Finally, an Increase in the time duration of 
the ramp from 0.6 to 1.0 second allows the system to follow the excitation 
more closely.   Therefore, the values of rotor and fuselage acceleration 
overshoot will be lower than the 3 percent value for the 0.6 second rise- 
time ramp.   As indicfited in Equation (63), the peak displacement is 
inversely proportional to the ramp rise-time.   Values of displacement for the 
0.8 and 1.0 second rise-time ramps can be obtained from those shown in 
Table XVI;   they can be obtained from Figure 34 for the 0.6 second rise-time 
ramp. 
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CRITERION A 

0.08 r 

CRITERION B 

n TWO-NOTCH ISOLATOR 

• THREE-NOTCH ISOLATOR 

10 

BLADE PASSAGE FREQUENCY   (Hz) 

Figure 34.    Relationship Between Peak Relative Displacement During +3g/ 
0.6 Second Maneuver, and Blade Passage Frequency for Two- 
and Three-Notch Isolators Having System Parameters Based on 
Criteria A, B, and C. 
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TABLE XVII 

FVSEIAGE: AND ROTOR ACCELERATIONS FOR TRANSIENT CONDITIONS 

Pedk Acceleration 

Case 10 ft/sez Lvjding 
Number Criterion Fuselage lotär 

(8) (ä) 

2.2.2a A 6.30 9.2 
b A 5.60 7.7 
0 A 5.35 7.7 
d A 5.30 7.U 

2.2.2a B 6.0 7.0 
b B 5.5 6.2 
c B 5.3 5.6 
d B 5.3 5.8 

2.2.2a c 6.1 7.2 
b C 5.5 6.3 
c C 5.3 6.3 
•J c 5.2 6.3 

2.U.2a A 6.3 8.6 
b A 5.6 7.5 
c A 5.3 7.1 
d A 5.2 6.8 

2.4.2a B 6.3 8.3 
b B 5.6 7.2 
c 3 5.6 7.0 
d B 5.3 6.9 

2.M.2a c 5.7 6.8 
b C 5.5 6.3 
c c 5.5 6.1 
d c 5.0 5.8 

>ver 

j£) (4), 

3.0 3.05 
3.0 3.05 
3.0 3.OS 
3.0 3.05 

3.0 3.OS 
3.0 3.OS 
3.0 3.05 
3.0 3.05 

3.0 3.OS 
3.0 3.05 
3.0 3.05 
3.0 3.OS 

3.0 3.05 
3.0 3.OS 
3.0 3.OS 
3.0 3.05 

3.0 3.05 
3.0 3.05 
3.0 3.05 
3.0 3.05 

3.0 3.05 
3.0 3.05 
3.0 3.05 
3.0 3.05 
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TABli: XVII (continued) 

Peuk Accelenation 

Case 
Number Criterion 

10 ft/oec ̂ ll^ÜIu•. + 3a. 0-6 8fc 
Fuselage  Rotor Tuselage Kot or 

(«) (fi) (R) (R) 

6.1 8.8 3.0 3.0 
5.6 7.5 3.0 3.0 
5.S 7.0 3.0 3.0 
S.U 6.8 3.0 3.0 

5.8 M 3.0 3.0 
5.7 8.14 3.0 3.0 
5.5 7.U 3.0 3.0 
5.2 7.0 3.0 3.0 

5.8 7.0 3.0 3.0 
5.5 6.3 3.0 3.0 
5.5 5.8 3.0 3.0 
5.2 5.7 3.0 3.0 

b.l 9.2 3.0 3.1 
5.7 8.3 3.0 3.1 
5.6 7.6 3.0 3.1 
5.3 7.3 3.0 3.1 

5.90 7.6 3.0 3.1 
5.60 6.8 3.0 3.1 
5.60 6.8 3.0 3.1 
5.25 6.4 3.0 3.1 

5.8 6.70 3.0 3.1 
5.6 6.95 3.0 3.1 
5.4 6.20 3.0 3.1 
5.1 5.80 3.0 3.1 

A 
A 
ft 
A 

B 
B 
B 
B 

C 
C 
c 
c 

A 
A 
A 
A 

B 
B 
B 
B 

C 
C 
c 
c 
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TABLE XVII (continued) 

PMüC Accelerttion 

Case 10 ft/sec Landing tMMt 0i.6 s*c IBB Maneuvet 
ü»nber       Criterion FViselage    Rotor Füsalage      Itotor 
 (£) (g) (g) (£) 

80.7.2a A 6.0 8.7 
b A 5.8 7.(4 
c A 5.7 7.3 
d A 5.3 6.8 

80.7.2a B 5.9 8.1* 
b B 5.7 7.6 
c B 5.5 7.2 
d B 5.5 7.2 

80.7.2a C 5.8 6.6 
b C 5.5 6.0 
c C 5.6 6.0 
d C 5.2 6.1 

2.2.3a A 5.i*0 7.8 
b A 5.U0 8.M 
c A 5.3S 8.6 
d A S.3S 8.6 

2.2.3a B 5.U 7.0 
b B 5.1 6.8 
c B 5.3 6.8 
d B 5.1 7.2 

2.2.3a C 5.U 6.2 
b C 5.i+ 6.0 
c C 5.2 6.3 3.0 3.02 
d C 5.3 6.3 
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3.0 3.05 
3.0 3.05 
?.o 3.05 
3.0 3.05 

3.0 3.05 
3.0 3.05 
3.0 3.05 
3.0 3.05 

3.0 3.05 
3.0 3.US 
3.0 3.05 
3.0 3.05 

3.Ü 3.1 
3.0 3.1 
3.0 3.1 
3.0 3.1 

3.0 3.05 
3.0 3.05 
3.0 3.05 
3.0 3.05 

3.0 3.02 
3.0 3.02 
3.0 3.02 
3.0 3.02 
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TABLE XVII(continued) 

Criterion 

Peak Acceleration 

Cut 10 ft/sac 
Fuselage 

(A) 

Landing 
Kotor 

(£) 

+ 3 0, 0.6 sec Ramp Man« »uver 
Ninbtr fuselage 

(£) 
Rotor 

(fi) 

2.14.3a 
b 

A 
A 

- 

c 
d 

A 
A 

" •> • ~ 

2.i4.3a 
b 
c 
d 

B 
B 
B 
B 

5.44 
5.5 
5.5 
5.3 

6.80 
6.95 
7.00 
6.95 

3.0 
3.0 
3.0 
3.0 

3.05 
3.05 
3.05 
3.05 

2.i4.3a 
b 

C 
c 

- - : - • 

c 
d 

c 
c 

■ 
« 

" 
- 

10.14.3a 
b 
c 
d 

A 
A 
A 
A 

5.30 
5.U5 
5.50 
5.50 

6.6 
7.0 
7.0 
7.0 

3.0 
3.0 
3.0 
3.0 

3.0 
3.0 
3.0 
3.0 

10.«4.3a 
b 
c 
d 

B 
B 
B 
B 

5.U 
5.14 
S.H 
5.3 

6.2 
6.8 
7.0 
6.8 

3.0 
3.0 
3.0 
3.0 

3.05 
3.05 
3.05 
3.05 

lO.U.Sa 
b 
c 
d 

c 
c 
c 
c 

5.3 
5.14 
5.2 
»4.8 

5.7 
6.0 
6.0 
5.6 

3.0 
3.0 
3.0 
3.0 

3.025 
3.025 
3.025 
3.025 
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TABLE XVII (continued) 

Criterion 

Peak Acceleration 

Case LQft/aac > LAndlna + 30- 0,6 sec 
Tuselage 

Ramp Maneuver 
Rotor (tauber "Fuselage     Rotor 

(£> (£) (8) (g) 

80.6.3a A S.3 7.2 3.0 3.075 
A S.H 7.3 3.0 3.075 
A S.3 6.6 3.0 3.075 
A M 6.0 3.0 3.075 

80.6.3a B M 7.0 3.0 3.05 
B 5.1 6.9 3.0 3.05 
B S.O 6.8 3.0 3.05 
B M 6.6 3.0 3.05 

80.6.3a c 5.2 5.8 3.0 3.03 
c 5.3 5.8 3.0 3.03 
c 5.0 I.H 3.0 3.03 
c M 5.2 3.0 3.03 

80.7.3a A 5.K 7.0 3.0 3.05 
A 5.3 6.3 3.0 3.05 
A 5.1* 6.1 3.0 3.05 
A 5.2 7.2 3.0 3.05 

80.7.3a B 5.M 7.1 3.0 3.05 
B 5.8 7.0 3.0 3.05 
B 5.3 6.7 3.0 3.05 
B 5.1 6.U 3.0 3.05 

80.7.3a c 5.2 5.8 3.0 3.03 
C 5.3 5.8 3.0 3.03 
c 5.0 5.i» 3.0 3.03 
C M 5.2 3.0 3.03 
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Landing Shock 

The primary consideration In the selection of system parameters is to limit 
the peak relative displacement between rotor and fuselage during the 
10 ft/sec landing shock condition.   The system stability and performance 
under the other dynamic conditions are dependent on the same parameters, 
and the final design is based on a tradeoff between displacement control, 
vibration isolation, and stability.   For the 10 ft/sec landing shock, two 
values of peak displacement are considered as design goals, namely 0.5 
vnd 0,2 inch.   For the smaller value of displacement, parameters are 
selected based on two different stability margins.   In all cases the peak 
dL: placement under the most severe landing shock is equal to the value set 
by the performance criterion. 

Values of peak fuselage and rotor accelerations are shown in Table XVII for 
the 10 ft/sec landing velocity.   Figure 35 shows the peak acceleration 
experienced by the rotor during IG ft/sec landing shock as a function of 
blade passage frequency for the two- and three-notch element isolators and 
as having parameters selected on the basis of Criteria A, B, and C.   All 
systems having two notches of isolation yielded slightly higher rotor accel- 
erations, due to the broader notch bandwidths.   Systems having the lowest 
acceleration flow gains (Criterion C with three notches) resulted in the 
lowest rotor accelerations.   A reduction in acceleration gain to satisfy 
stability requirements also gives rise to lower rotor accelerations with 
increasing blade passage frequency.   For low values of b/rev, the notch 
bandwidths for the two- and three-notch systems are approximately the same, 
and the rotor experiences approximately the same acceleration in all cases. 

Figure 36 shows the peak fuselage acceleration experienced by the fuselage 
during the 10 ft/sec landing shock as a function of blade passage frequency 
for the two- and three-notch element isolators with parameters selected on 
the basis of the three design criteria mentioned above.   As in the case of 
rotor acceleration, the two-notch isolators resulted in higher fuselage 
accelerations due to broader bandwidths at each notch.   However, the 
difference in fuselage acceleration between the two- and three-notch 
isolators is not very pronounced, and changes in system parameters based 
on the three criteria do not significantly affect the fuselage response during 
the landing shock, which is governed primarily by the dynamic characteristics 
of the landing gear.   As a result of a literature survey into the typical stiff- 
ness characteristics of helicopter undercarriages, all landing gears are 
assumed to have a stiffness that yields a natural frequency of 3 Hz, based on 
the total weight of the rotor and fuselage.   Therefore, the fuselage response 
in all cases should be approximately the same.   The rotor response, however, 
is a function of the characteristics of the isolator interposed between the rotor 
and the fuselage, as Indicated in the preceding paragraphs. 
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Table XVIII shows the characteristics of the relative displacement time 
history for the 10 ft/sec velocity landing shock including peak displacement, 
time to reach zero displacement, and displacement at the second (negative) 
and third (positive) peaks.   The time to reach zero displacement and the 
displacement values of subsequent peaks give a measure of the system 
speed of response. 

The acceleration response of each of the systems to lower velocity landlnn 
shocks is proportionately lower [Equations (39), (40), and (41)].   In the 
analysis, the fuselage was allowed to bounce off the ground whenever the 
rebounding accelerations exceeded lg.   In all cases, the 10 ft/sec landing 
shock caused the fuselage to do so.   For landing velocity shocks of 
5 ft/sec, the fuselage did not bounce off the ground.   The peak displace- 
ment and rotor and fuselage accelerations occurred during the initial response 
to landing prior to bouncing off the ground.   Therefore, although the suape 
of the acceleration and displacement time histories after the bounce are 
different depending on whether the fuselage bounces off the ground, the 
peak displacement values are directly proportional to the level of velocity 
shock during landing. 

In all cases the effect of increasing the fuselage mass changes the system 
response during landing.   The peak rotor and fuselage accelerations 
decrease with increasing fuselage mass.   As the fuselage mass Increases, 
both the resonant frequency and the damping fraction of the helicopter 
decrease, resulting in lower values of the Initial fuselage accelerations and 
associated reduction in rotor acceleration. 

Finally, a comment is made regarding helicopters with high blade passage 
frequency.   Examination of Figures 34, 35, and 36 indicates that no data 
points are shown for blade passage frequency of 26.6 Hz for the three- 
notch isolator having parameters selected on the basis of criteria A and C. 
The third notch for b/rev of 26.6 Hz occurs at approximately 80 Hz, which 
approaches the natural frequencies of the servovalve and actuator.   The 
magnitude of total gain at the phase crossover frequency (Figure 15) is 
high;   if a 20-db gain margin is to be maintained to insure system 
stability, a very small amount of acceleration flow gain can be introduced, 
and the resulting transient displacements will be less than 0.5 inch.   The 
relative gains can be decreased and the lead time constant increased, 
while the acceleration gain is simultaneously increased, to result in larger 
displacements and satisfy the 20-db gain margin requirement.   However, 
due to the high values of relative gains and lead time constant, the system 
response during in-flight maneuvers becomes very sluggish and the actuator 
will remain at the peak displacement position long after the in-flight ramp 
force has reached its final valve.   Therefore, based on the desired fast 
system response, only the criterion of 0.2 inch maximum displacement 
under 10 ft/sec landing shock with a 20-db gain margin could be satisfied 
for the three-notch system at b/rev = 26.6 Hz. 
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FLOW AND POWER REQUIREMENTS 

Figure 37 shows the instantaneous peak flow requirements for all systems 
considered as a function of the ratio of total helicopter weight to blade 
passage frequency.   The required peak flow Is proportional to the total weight 
of the helicopter and inversely proportional to the blade passage frequency 
[Equation (77)] .   In order to minimize the flow requirements, the actuator 
is assumed to have unequal areas for the upper and lower chambers and Is 
able to generate forces corresponding to +3g and -0.5g, respectively, 
based on a 500 psi supply pressure drop across each servovalve land and a 
4,000 psi supply pressure.   The curve shown on Figure 37 applies to peak 
flow values for both the two- and three-notch isolators.   The flow require- 
ments for the two-notch systems are approximately 3 percent lower than for 
the three-notch systems.   Differences in system parameters based on the 
three performance criteria do not affect the flow requirements.   As indicated 
in Figure 37, the peak flow requirements increase with increasing helicopter 
weight and decrease with increasing blade passage frequency. 

In order to size the hydraulic power supply, the pump flow requirements are 
based on the rectified average of the instantaneous flow [Equation (79)]. 
Pump flow and power requirements are presented In Table XK.   The rectified 
average flow. Identified as the maximum pump flow in Figure 38, is plotted 
versus gross weight and blade passage frequency.   This equating of the 
rectified average flow to the maximum flow is justified since accumulators 
in hydraulic power units can account for Instantaneous flow requirements 
exceeding the average.   In the case of the servovalve, however, components 
must be selected on the basis of peak flow values, since the servovalve 
must be able to perform when the peak flow is required for proper operation. 

Figure 39 shows the hydraulic power requirements as a function of helicopter 
weight and blade passage frequency for all systems considered, based on 
average pump flow.   Comparing Equations (82) and (83), it can be seen that 
the two-notch isolator power requirements are only slightly lower than those 
for the three-notch isolator (less than 0.5 percent).   As in the case of flow 
requirements, values shown on Figure 39 are based on nominal fuselage 
weights for each blade passage frequency.   Increases in fuselage weight 
for a given blade passage frequency would result in proportionately larger 
values of both flow and power. 

The operational amplifiers in the servoamplifier and the acceleration and 
relative displacements transducers require electrical power.   The servo- 
amplifier has built within it a dual tracking power supply of + 15 volts and 
a maximum current output of 300 milliamps, which is sufficient to power all 
the electrical components of the isolation system.   Electrical pov/er must 
be supplied to the electronics power supply in the servoamplifier.   This 
unit requires 115 volts + 10% volts AC, 50 to 400 Hz at a power level of 
28 watts (250 milllampsT. 
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ISOLATION SYSTEM WEIGHT 

A conceptual design is shown in Figure 40 for incorporation of a two-notch 
isolator with a maximum relative displacement of 0.2 inch in the OH-6A 
helicopter.   Estimates of isolation system weights are based on the isolator 
weight calculated for this aircraft.   The rotor mast is hollow and the rotor 
shaft passes through it.   The actuator is incorporated as part of the mast 
assembly.   The rotor mast is attached to the hollow piston rod which in turn 
is connected to the helicopter fuselage by the hydrostatic pressures in the 
cylinder.   In this manner the vertical vibratory forces normally transmitted 
to the fuselage through the rotor mast are isolated.   The actuator shown has a 
stroke of + 0.2 inch.   The rotor shaft passes through the mast and hollow 
actuator rod, and is attached to the transmission by a spline that is assumed 
to transmit torque while allowing relative motion between the rotor and 
fuselage. 

The gross weight of the OH-6A helicopter is 2,300 pounds.   The blade 
passage frequency, based on a rotor speed of 470 rpm and four blades, is 
31.3 Hz.   For a two-notch isolator, the approximate system parameters are 
obtained from Figures 33 through 39 and are shown below. 

Peak relative displacement during 3 g maneuver 
Peak rotor acceleration during landing (10 ft/sec) 
Peak fuselage acceleration during landing (10 ft/sec) 
Peak relative displacement during landing (10 ft/sec) 
Peak servovalve flow 
Pump flow 
Hydraulic power 
Notch bandwidth 

0 04 in. 
6 5 g 
5 8 g 
0 2 in. 
7 5 in.3/sec 
1 6 gpm 
3 5 HP 

4% 

Table XX shows the estimated weights of the actuator and hydraulic and 
electronic components.   The estimated total weight of the isolation system 
for the OH-6A helicopter is 87.45 pounds, or approximately 3.8 percent of 
the gross fuselage weight. 

It is evident that each helicopter would require a different design for the 
Incorporation of the type of isolation system discussed in this study, and 
that Figure 40 depicts only one of many possible approaches.   However, in 
order to approximate the isolation system weight for the range of helicopters 
considered in the investigation, it is assumed that, having estimated the 
weight of the various components for one type of helicopter, the weight of 
other isolation systems can be calculated in terms of the characteristics 
and requirements defined in the investigation for each case. 
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Figure 40.    Conceptual Design For The Incorporation of Electrohydraulic 
Isolation System In OH-6A Helicopter. 
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TABLE XX 

ISOLATOR WEIGHT FOR 0H-6A 

Component Material Weight 
(lb) 

Actuator Rod 
Top Cylinder Plate 
Tie Rods 
Top Cylinder Cap 
Cylinder Tube 
Piston 
Bottom Cylinder Cap 
Bottom Cylinder Plate 
Servovalve Manifold 
Servovalve 
Accelerometer 
Displacement Transducer 
Antirotation Mechanism 
Accumulator 
Oil in Cylinder 
0.5 Gallon Oil 
Hydraulic Tubing 
Hydraulic Pump 
Oil Filter 
Heat Exchanger 
Servoamplifier 

Steel 
Aluminum 
Steel 
Aluminum 
Steel 
Aluminum 
Aluminum 
Steel 
Aluminum 

Steel 
Fiberglass 

Steel 

9.5 
1.7 
0.9 
2.8 
1.5 
0.9 
2.8 

12.8 
3.0 
0.75 
0.5 
0.2 
1.0 
5.0 
0.1 
5.0 
7.0 

20.0 
2.0 
5.0 
5.0 

Total Actuator Weight 
Total Hydraulic Power Supply Weight 
Total Weight of Electronics 

TOTAL WEIGHT 

37.75 
44.0 
5.7 

87.45 
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In order to estimate the weight of isolation systems for helicopters of 
different gross weights, it was assumed that the weight of the system 
components was a function of the following parameters: 

Components 

Accelerometer 
Displacement Transducer 
Servoamplifier 
Heat Exchanger 
Filter 
Pump 
Oil in Reservoir 
Accumulator 
Tubing 
Servovalve 
Manifold 
Actuator and Rod 
Antirotation Mechanism 

Weight Proportional To 

Constant 
Constant 
Constant 
Power 
Flow 
Flow 
Flow 
Flow 
Flow 

Number and Type of Valves 
Flow 

Average Actuator Area 
Average Actuator Area 

Based on these assumptions and the estimated weight for the OH-6A 
helicopter, isolation system weights for the various helicopters considered 
in the investigation were calculated and are shown in Table XXI.   Figure 41 
shows the estimated isolation system weight, in percent of helicopter gross 
weight, plotted against blade passage frequency. 

These weight estimates do not necessarily represent the net Increase In total 
helicopter gross weight associated with the introduction of electrohydraullc 
systems for the isolation of rotor-induced forces.   In most Instances, the 
linkages required to operate the rotor collective and cyclic pitch controls 
may have to be redesigned, and could introduce an additional weight 
increase.   However, reduction of the vertical vibratory acceleration 
transmitted to the fuselage would generally eliminate the need of vibration 
isolators inside the fuselage used at the present time to protect critical 
equipment and/or crew.   A considerable reduction in weight would be 
achieved by eliminating the present practice of using dynamic vibration 
absorbers.   For example, four 175-lb dynamic absorbers are used to reduce 
the high level of acceleration experienced at the pilot and copilot 
stations of the CH-46A helicopter (gross weight 20,000 lbs) (Reference 3). 
Therefore, it is possible that the use of active notch isolation systems could 
result in no net increase or even a net decrease in gross fuselage weight, 
depending on the particular design. 
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RELIABILITY. FAIL-SAFE AND CRASH LOAD CONSIDERATIONS 

RELIABILITY AND MAINTAINABILITY 

The solid-state operational amplifiers within the servoamplifier are protected 
inst overload, supply voltages other than specified, and reversed supply 
tage polarity.  The interconnecting electrical components such as wiring, 

resistors and capacitors are mounted on circuit boards and potted to provide 
protection from moisture, dirt and mechanical vibration.   Thus, the reliability 
of the components within the servoamplifier is high.   Based on Barry Controls' 
experience, such systems have been tested under vibratory excitation condi- 
tions for periods as long as 1,500 hours without any electrical failures.   The 
only maintenance required for the servoamplifier is an occasional calibration 
to compensate for a gradual change of component characteristics with age. 
Such a calibration normally would entail the readjustment of a few potentiome- 
ters and should not be required more frequently than every 1,000 hours of 
operation. 

The relative displacement transducer is a linear variable differential transfor- 
mer with built-in exciter carrier oscillator and phase sensitive demodulator 
systems.   A unit of this type manufactured by Sanbom and known as a DCDT 
has been used in one of Barry Controls active isolation systems.   The unit 
was subjected to long periods of vibration at levels of 10 g or more.   At no 
time was there any Indication of a malfunction or failure of the system. 
However, it was observed that exposure of the unit to strong magnetic fields 
did result in output error, but without permanent damage. 

The acceleration transducer can be either a servoaccelerometer or a piezo- 
electric accelerometer.   The servoaccelerometer has better sensitivity and 
resolution and would lead to a slightly higher effectiveness of the system 
than the piezoelectric accelerometer.   However, Barry Controls' experience 
with servoaccelerometers has encountered several failures due to both 
mechanical overload and internal electrical failures of the unit.   It is desir- 
able to use the very reliable piezoelectric accelerometer and sacrifice a 
small amount of peak notch effectiveness.   Normally, maintenance should 
not be required for the displacement and acceleration transducers. 

The hydraulic power supply consists of a variable flow-pressure compensated 
pump, oil reservoir, heat exchanger, filter, and accumulator.   Power supply 
systems are very reliable and have service time intervals of about 1,500 
hours.   The normal maintenance of the power supply is the changing of the 
hydraulic oil and filter and the replacement of worn parts of the pump. 

The actuator and servovalve should not require major maintenance for at 
least 1,000 hours of operation.   However, because of the continuous rapid 
motion of the actuator, the rod seals will require more frequent maintenance. 
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FAIL-SAFE REQUIREMENTS 

The failure characteristics of the various components are discussed in the 
following paragraphs.   Failure of components can result in an unstable 
condition for the control system, causing severe oscillations of the actuator 
at one of the notch frequencies;   either damage to the isolation system or 
loss of aircraft control would occur.   Since failure of the system would result 
in larger fuselage vibration levels at the notch frequencies, a fail-safe cir- 
cuit is incorporated in the isolator design to detect the increase in fuselage 
acceleration and activate a relay such that the power to the servoamplifler 
and the hydraulic fluid supply are automatically shut down. 

The fail-safe circuit consists of a separate accelerometer to detect the 
fuselage vibration, a high-pass filter to filter out the large amplitude low- 
frequency accelerations resulting from transient excitations, a rectifier 
and passive integrator to determine the time-averaged vibration level, and a 
relay to shut down the isolation system.   The rectified acceleration signal 
would be integrated over a time constant of a few seconds, thereby giving 
a voltage proportional to the time-averaged acceleration level on the fuselage. 
Therefore, since the integrator operates on a time-averaged basis, the 
presence of a large high frequency vibration level will quickly activate the 
shut down relay.   Lower acceleration levels will require a longer time to 
actuate the relay.   Consequently, acceleration levels near those of normal 
system operation will not activate the fail-safe circuit. 

The following paragraphs discuss the effect on system performance caused 
by failure of various components and the manner in which the fail-safe 
circuit is activated in each instance. 

Hydraulic Power Failure 

The loss of hydraulic pressure will stop the system from functioning.   The 
actuator will move slowly until it bottoms wherein the weight of the fuselage 
will be carried by the piston in contact with the upper cylinder block.   This 
condition will remain as long as the rotor acceleration, based on the total 
helicopter gross weight, does not exceed -1 g.   The system in this state 
will be operating without vibration isolation and with a sustained relative 
deflection equal to one-half the total stroke of the actuator.   This condition, 
however, should not constitute any serious hazard since helicopters operate 
today without vibration Isolation, and the sustained relative deflection would 
be within the design limits of linkages controlling the rotor cyclic and 
collective pitch. 

Accelerometer Failure 

The failure of the accelerometer in the acceleration feedback loop will 
remove the acceleration feedback signal from the loop.   Thus, the only 
remaining feedback signal will be that from the relative displacement 
transducer.   With only displacement feedback the system becomes a 
displacement servo offering no vibration isolation and positioning the 
actuator at its null position regardless of the forces acting on the rotor. 
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Displacement Transducer Failure 

The loss of the displacement feedback signal would result in a system 
having acceleration feedback only.   Such a system configuration leads to 
drifting of the actuator until the piston engages either the top or bottom 
cylinder block.   The system would then chatter and bounce off the stroke 
limit position.   Continued operation under these conditions could result in 
permanent damage to the actuator.   However, such a condition will activate 
the automatic fail-safe circuit described above. 

Failure of Electronics in Acceleration Loop 

Failure of the electronics in the acceleration loop can occur in one of two 
possible modes.   The first is the loss of gain resulting from a failure of an 
operational amplifier, resistor or capacitor.   A failure of this type would be 
similar to that described above for the loss of the acceleration feedback 
signal.   The second mode of failure is that of an increased gain in the 
acceleration feedback loop.   This change, if not too large, would result in a 
system offering broader bandwidth of isolation and excessive transient relative 
deflections.   Very large increases of gain could cause the system to become 
unstable and oscillate at a frequency near that of the highest notch frequency. 
Oscillations of this nature are generally not too severe, but would be very 
noticeable and would activate the fail-safe circuit described above. 

Failure of Electronics in Displacement Loop 

Failure of the electronics in the displacement loop can occur in one of two 
possible modes.   The first is the loss of gain resulting from a failure of an 
operational amplifier or a resistor.   This type of failure would be similar to 
the loss of the acceleration signal described above.   The second mode is 
that of an increased gain in the displacement feedback loop.   This type of 
failure would result in a system response having narrower bandwidths of 
isolation and decreased transient relative deflections.   If the gain Increase 
is extremely large, the system can become unstable and oscillate at a fre- 
quency near the first notch frequency.   The magnitudes of such oscillations 
are generally large, and the servovalve will saturate.   Such oscillations 
would activate the fail-safe circuit previously described. 

Failure of the Electronics in the Frequency Tracking Network 

The failure of the tracking network would mean that the notch frequency does 
not equal the blade passage fre'-. iency. Under these conditions the fuselage 
acceleraMon will increase, and thereby the fail-safe circuit will be activated. 

Electronic Power Supply Failure 

The failure of the electronic power supply would essentially shut down the 
system and would be similar to the loss of hydraulic power described above. 
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Servovalve Failure 

There are three possible modes of servovalve failure.   The first mode of 
failure results from normal wear of the servovalve spool and flapper nozzles. 
This condition will lower the valve gain and frequency response, resulting 
In a system having ucirrower notch bandwldths and a smaller gain margin. 
This type of failure is difficult to detect during normal operation and would 
generally be indicated only by a frequency response test performed on the 
system. 

The second mode of failure results when one of the pilot valve nozzles 
becomes clogged with dirt because of improper system maintenance.   Under 
this condition the valve will not operate properly and the system will perform 
erratically, sometimes operating well and at other times not ope; .ting at all, 
resulting in excessive fuselage accelerations. 

The third mode of failure of the servovalve results from the opening of one 
of the two coils of the torque motor in the first stage of the valve.   For this 
condition the valve spool will open fully in one direction, causing the actu- 
ator to move to one of its extreme positions and remain there. 

Whenever any of these failure modes result in excessive fuselage acceleration, 
the fail-safe circuit will be activated and the system will automatically shut 
down. 

CRASH LOAD CONSIDERATIONS 

< 

There are two primary design recommendations for the crash safety of a 
helicopter having an electrohydraulic vibration isolation system.   The first is 
to rapidly reduce the hydraulic pressure of the system so that, in the event 
of pressure buildup, high pressure oil is dumped into the reservoir.   An 
acceleration actuated mechanical pressure relief valve is inserted in the oil 
supply line Just after the hydraulic pump, such that upon extremely severe 
impact the resulting large acceleration values would open the relief valve 
and very rapidly dump the high pressure oil into the reservoir. 

The second concern is to insure that the actuator does not fail, such that 
the rotor becomes detached and crashes down upon the fuselage.   During 
severe crash landings the rotor mass will tend to drive the actuator rod down 
toward the fuselage.   The hydraulic oil in the actuator will initially resist 
this movement.   However, accelerations of the rotor greater than 30 g will 
cause the servovalve and manifold to rupture due to the extreme buildup of 
pressure above 8,000 psi.   The actuator rod, however, is still retained by 
the upper and lower cylinder blocks, and the piston and upper flange on the 
actuator rod will prevent further travel of the rotor shaft into the fuselage. 
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CONCLUSIONS 

Based on the results of the analyses and parametric study for the two- and 
three-notch isolation systems involving helicopters ranging in weight from 
2,000 to 8,000 pounds, the following conclusions are made: 

1. Stable active isolation systems can be designed to provide virtually 
100 percent isolation from the helicopter rotor-induced vertical vibra- 
tions at the blade passage frequency and higher harmonics.   Vibration 
isolation is also provided during combined vibratory and transient 
excitations, such as can be expected during transition from one 
flight mode to another. 

2. The number of notches of isolation that can be provided at the blade 
passage frequency and harmonics thereof is limited by system stabil- 
ity requirements.   For helicopters having blade passage frequencies 
higher than 20 Hz only up to 3 notches can be provided.   However, 
for lower blade passage frequencies a larger number of notches could 
be Incorporated in the system. 

3. System parameters can be selected such that the relative displace- 
ment between rotor and fuselage under 10 ft/sec landing velocity is 
0.2-inch or less in all cases.   For lower values of sink speeds, the 
relative displacements would be proportionately reduced. 

4. During in-flight maneuvers, the maximum relative displacements 
between rotor and fuselage are functions of the number of g's 
experienced, the weight of the helicopter, and the blade passage 
frequency.   For system parameters yielding a maximum relative dis- 
placement of 0.2 inch under 10 ft/sec landing velocity, the relative 
displacement under the maximum expected maneuver loads of 3 g' s 
is less than 0.15 inch for all cases.   For maneuvers involving a 
lower number of g's, displacements would be less. 

5. For the range of helicopter gross weights and blade passage fre- 
quencies considered, estimated isolator system weights are 4 to 6 
percent of vehicle gross weight. 

6. Based on power requirements, number of servovalves, and isolation 
system weight, the selected approach appears to be feasible for 
single-rotor helicopters weighing up to 40,000 pounds. 

7. The two- and three-notch active isolation systems described in this 
investigation can best be incorporated into new helicopter rotor 
configurations since undoubtedly design problems would be encoun- 
tered in adapting the approach to an existing rotor.   Nevertheless, 
the results of the analysis indicate that the vertical vibration and 
displacement control provided by a multinotch electrohydraullc iso- 
lation system may surpass those attained with any other type of 
system reported on to date. 
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RECOMMENDATIONS 

In order to prove experimentally the ability to design a system which would 
encompass the various components described In this study, and  eventually 
to Investigate rotor-Induced forces In other directions. It Is recommended 
that an experimental laboratory model study be undertaken. 

The proposed isolation system requires that a hydraulic cylinder be Intro- 
duced in series with the rotor shaft.   Although various schemes can be 
devised to incorporate the cylinder In an existing rotor assembly (schemes 
which must consider space and functional requirements of rotor assembly 
components), a common requirement is that the actuator must be capable of 
transmitting torque from the engine and transmission to the rotor and allowing 
relative displacements between the rotor and fuselage, while rotating at the 
required rotor speed.   Conventional actuators are not normally subjected to 
this type of loading, and the effects of the combined translatlonal and rota- 
tional motions on the actuator performance should be determined. 

In addition, the compensation and notch-generating circuits have been 
defined on the basis of analog and digital computer studies.   The simulation 

• employed in the parametric feasibility study does not Include the exact 
dynamic characteristics of components such as servovalve, accelerometers, 
cylinder resonances, etc.   Primarily, low frequency dynamic characteristics 
of the various components were simulated since the active hydraulic isolation 
system basically responds as a low frequency device.   In general. It Is not 
practical to attempt to exactly simulate the higher frequency characteristics 
in an analog computer since they can only be defined by testing of actual 
hardware.   As in all control applications, final definition of the required 
compensations must be based on the experimentally defined dynamic charac- 
teristics of the hardware to be used. 

In addition, further analytical consideration should be given to isolation of 
in-plane rotor excitations.   Although in-plane excitations are generally lower 
in magnitude than the vertical, they are nevertheless present, and would 
become the more significant ones, and perhaps even Increase, once the 
vertical vibration levels are reduced as shown.  Finally, future analyses 
should include isolation of combined vertical and in-plane rotor-induced 
vibrations and the effects of fuselage and rotor impedance on system 
response. 

Consequently, the next logical step in the development of a practical hard- 
ware solution to the rotor isolation problem should Involve the performance 
of laboratory model experiments in preparation for eventual full-scale 
performance evaluation of the isolation technique. 
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APPENDIX 

FREQUENCY TRACKING CIRCUITS 

The active hydraulic isolation system with the notch-producing compensators 
can provide virtually 100 percent isolation at the notch frequencies, and at 
the same time limit the transient relative deflections to tolerable values. 
However, the isolation system can only be effective in reducing the fuselage 
vibration levels if the system notch frequencies are equal to the frequencies 
of excitation induced by the rotor. 

Figure 42.   Active Electronic Notch Oscillator Circuit. 

Figure 42 shows a notch compensator circuit without any provisions for 
tracking.   The circuit consists of two active integrators utilizing operational 
amplifiers with capacitive feedback and one inverting operational amplifier 
having a gain of unity.   The transfer function of this circuit is the ratio of 
the transform of the output voltage to the transform of the input voltage, and 
is given by 

*„(*) R*/Ri 
CIH (*)       I + R, R^ (C5)2 (87) 

Symbols used in this appendix are defined in the nomenclature. 

The resonant frequency of the circuit and the resulting system notch 
frequency is given by the relation 

"WM^C* (88) 
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The function of a tracking network is to change one of the parameters 
governing the circuit resonant frequency cJn .   However, the parameter 
change must be such that the static gain of the circuit Rf/Rr  remains 
unchanged, since it is primarily this gain value that determines the 
transient behavior of the system.   Examination of the circuit transfer 
function and resonant frequency equations Indicates that the only circuit 
parameter that will change the frequency, and not the gain, is the 
resistance value   Rv . 

The most direct manner to construct the tracking circuit is to sense the 
excitation frequency using a tachometer or a frequency discriminator that 
gives a DC voltage proportional to the excitation frequency (blade passage 
frequency).   Then the effective value of   Ry   may be changed in a manner 
proportional to the square of the voltage from the frequency detector by 
using two multipliers as shown on Figure 43. 

iC'ku e-w 

MULTIPLIER GAIN FREQUENCY 
DETECTOR 

Figure 43.   Active Electronic Notch Oscillator Circuit With 
Frequency Tracking Element. 

The transfer function of the circuit of Figure 43 is shown below, where the 
value of the resistance   Ry   is a function of   C k^)rO* : 

e^(*) 

The resonant frequency of the circuit is determined from Equation (89). 

(89) 

üJ. ÄU)fe? (90) 
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Then, if the gain   k    is adjusted such that   kc = RyRf ■ ,2 - C      , the notch 
frequency      cJn   will equal the excitation frequency   cJ  .   Thus, the isolator 
will track the excitation frequency and the resulting transmissibility will 
always be near zero regardless of the frequency of the excitation.   The 
range over which the network tracks the rotoi speed should be limited to a 
low frequency    uJL    and to a high frequency   CJH , in order to prevent 
possible unstable conditions where the notch frequencies become either 
too high or too low. 

Applying t'.iis tracking technique to the helicopter notch isolation system 
requires the use of two multipliers in each notch circuit and a single 
frequency detector, such as a tachometer, to sense the blade passage 
frequency and set the notch frequency of each oscillator. 
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The transfer function of the circuit of Figure 43 is shown below, where the 
value of the resistance   Ry   Is a function of   ( k*JrO* : 

e^(») % 

e"w  '♦^«i«w>* 
(89) 

The resonant frequency of the circuit is determined from Equation (89). 

uJh= iJ izir (90) 

149 



M 

I 
,2 . Then, if the gain   k    is adjusted such that   kc = RvRfc      , the notch 

frequency      cJ^ will equal the excitation frequency   cJ  .   Thus, the isolator 
will track the excitation frequency and the resulting transmissibility will 
always be near zero regardless of the frequency of the excitation.   The 
range over which the network tracks the rotor speed should be limited to a 
low frequency    «JL    and to a high frequency   OJH , in order to prevent 
possible unstable conditions where the notch frequencies become either 
too high or too low. 

Applying this tracking technique to the helicopter notch isolation system 
requires the use of two multipliers in each notch circuit and a single 
frequency detector, such as a tachometer, to sense the. blade passage 
frequency and set the notch frequency of each oscillator. 
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